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ABSTRACT 
 
STEVEN LEIGH: The Influence of Technique on Throwing Performance and Injury Risk in 
Javelin Throwers 
(Under the direction of Bing Yu) 
 
 
The overall objective of this dissertation was to understand the effects of elite javelin 
throwers’ techniques on their athletic performance and their risk for injury. Javelin throwing 
is a complex, multi-joint task that requires great coordination, muscular strength, and control 
to generate the forces necessary to propel implements at high velocities. A javelin thrower’s 
technique has crucial effects on the release variables that determine their performance. The 
need to generate high release speeds means that javelin throwing techniques exert significant 
musculoskeletal stress to multiple joints, which may cause acute and overuse injuries. Since 
an athlete’s technique affects both their performance and their injury risk, it is necessary to 
understand the inter-relationships between technique, performance, and injury in throwing 
events, such as the javelin. 
Three-dimensional kinematic and kinetic data were reduced from the video images of 
elite javelin throwers competing in the USA Track and Field National Outdoor 
Championships. Cross-sectional and longitudinal, subject-specific statistical analyses were 
performed to investigate the relationships between javelin throwing technique and 
performance, to further investigate potential risk factors for injuries, to investigate the 
differences in technique between injured and uninjured athletes, and to classify technique 
variables based on their relationship with performance or injury. 
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Technique variables that were associated with differences in performance and injury 
were identified. Differences were found between males and females, and for specific 
subjects. These differences do not mean that javelin throwing technique was different 
between genders or subjects. In general, it is important for javelin throwers to effectively 
transfer run-up momentum and throwing arm action into great release speed, and to control 
the release. Great joint forces were observed in javelin throwers, were associated with 
movements of the shoulder and elbow, and are the mechanism for javelin throwing injury. 
Some technique variables were identified that were only associated with either performance 
or injury. These variables may be modified to improve performance without increasing injury 
risk, or to decrease injury risk without affecting performance. For technique variables that 
affect both injury prevalence and performance, other training methods and treatments may be 
necessary to allow for improved performance without increased injury risk. 
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INTRODUCTION 
 
Background and Significance 
Javelin throwing technique is complicated and demanding (Ariel, Pettito, Penny, & 
Terauds, 1980; Best, Bartlett, & Morris, 1996; Morriss & Bartlett, 1996; Terauds, 1985). A 
javelin thrower makes complex, multi-joint movements that require great muscular strength, 
sophisticated coordination, and accurate control (Limpisvasti, ElAttrache, & Jobe, 2007; 
Wilk, Meister, Fleisig, & Andrews, 2000). These movements must develop the great forces 
that are necessary to accelerate the javelin to great release speeds (Bartionetz, 2006; Bartlett, 
1988; Wilk, et al., 2000), while carefully controlling the direction of the release (Bartlett, 
1988; Best & Bartlett, 1986, 1987; Ganslen, 1967; Hubbard, 1984; Hubbard & Alaways, 
1987; Rich, Whiting, McCoy, & Gregor, 1985; Terauds, 1974a, 1974b). The generation of 
great forces exerts significant musculoskeletal stress on multiple joints (Andrews & Fleisig, 
1998; Boden, Griffin, & Garrett, 2000; Fleisig, Andrews, Dillman, & Escamilla, 1995; 
Limpisvasti, et al., 2007; Werner, Jones, Guido, & Brunet, 2006; Wilk, et al., 2000). 
Current javelin throwing technique consists of: (1) an approach run where the thrower 
runs forwards towards the throwing direction to build up momentum, (2) a series of 
crossover steps where the thrower runs sideways and stretches their trunk and throwing 
shoulder muscles, (3) a single-support phase where the thrower transitions from a running to 
a throwing motion, (4) a delivery phase where the thrower comes to an abrupt stop, transfers
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runway momentum to javelin speed, and releases the javelin in an over-arm throwing motion, 
and (5) a follow through where the thrower decelerates their throwing motion and regains 
their balance (Figures 1.1 and 1.2) (Babbitt, 2001; Bartlett, 1988; Gorski, 2003; Morriss & 
Bartlett, 1996). The single support phase was defined as the time between the right foot 
touching down and the left foot touching down (single support phase). The delivery phase 
was defined as the time between the left foot touching down and the release of the javelin 
(delivery phase). The throwing procedure was defined as the single support phase and the 
delivery phase together (Bartlett, 1988; Hay & Yu, 1995; Morriss & Bartlett, 1996). 
Javelin throwing technique has evolved for optimal performance, which is throwing 
as far as possible. Javelin throwing performance was determined by how far the javelin was 
thrown from the runway into the field (IAAF, 2011). This was known as the official distance, 
which was defined as the distance between the nearest landing mark of the javelin in the 
throwing sector and the inside edge of the throwing arc along a straight line connecting the 
landing mark and the center of the throwing arc (Hay & Yu, 1995; Leigh, Gross, Li, & Yu, 
2008) (Figure 1.3). The official distance was divided into three partial distances: the vacuum 
flight distance, the aerodynamic distance, and the lost distance (Hay & Yu, 1995; Leigh, et 
al., 2008) (Figure 1.4). The vacuum flight distance was the greatest partial distance, it was 
defined as the distance thrown without regard for aerodynamic effects, and it was principally 
determined by the release speed (Bartlett, 1988; Best & Bartlett, 1986; Hay & Yu, 1995; 
Hubbard, 1984; Hubbard & Alaways, 1987; Morriss & Bartlett, 1996). The aerodynamic 
distance was the second greatest partial distance, it was defined as the gestalt distance 
travelled due to aerodynamic effects, and it was strongly related to the orientation of the 
release of the javelin (Hay & Yu, 1995; Hubbard, 1984; Hubbard & Alaways, 1987; Hubbard 
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& Rust, 1984). The lost distance was defined as the distance thrown for which the javelin 
thrower was not credited, and had relatively minor effects on official distance (Hay & Yu, 
1995). The performance measures for javelin throwing, therefore, were the official distance, 
the release speed, and the aerodynamic distance. 
To achieve maximum official distance, a javelin at release must have the optimal 
release characteristics for maximum theoretical vacuum projectile motion, as well as for 
beneficial aerodynamic effects (Best & Bartlett, 1986, 1987; Best, et al., 1996; Hubbard, 
1984; Hubbard & Alaways, 1987; Rich, et al., 1985; Terauds, 1974b; Vitasalo, Mononen, & 
Norvapalo, 2007). Vacuum projectile motion was measured by the vacuum flight distance, 
which is the primary partial distance of the official distance. It was defined as the distance 
travelled by the javelin as if it were a point mass in a vacuum as calculated by the range 
equation from release speed, release angle, and release height (Hay & Yu, 1995; Hubbard, 
1984) (Figures 1.3 and 1.4). The release speed was defined as the magnitude of the release 
velocity, which is the velocity of the center of mass of the javelin at the instant of release 
(Bartlett, 1988; Best, et al., 1993; Hay & Yu, 1995; Morriss & Bartlett, 1996) (Figures 1.5 
and 1.6). The release height was defined as the vertical distance above the runway of the 
center of mass of the javelin at the instant of release (Hay & Yu, 1995; Morriss & Bartlett, 
1996) (Figure 1.5). The release angle was defined as the orientation of the release velocity 
relative to the forward throwing direction in a vertical plane defined by the true vertical axis 
and the axis pointing along the longitudinal axis of the javelin (Bartlett, 1988; Best, et al., 
1993; Hay & Yu, 1995; Morriss & Bartlett, 1996) (Figure 1.5). The optimal release 
characteristics for vacuum flight distance were determined as a release with a great release 
velocity at a suitable angle (Bartlett, 1988; Best & Bartlett, 1986; Best, et al., 1993; Hubbard, 
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1984; Hubbard & Alaways, 1987; Morriss & Bartlett, 1996; Rich, et al., 1985; Terauds, 
1974a; Vitasalo, et al., 2007). 
The aerodynamic effect was measured by the aerodynamic distance, which is the 
secondary partial distance of the official distance. It was defined as the difference between 
the official distance, the vacuum flight distance, and the lost distance (Hay & Yu, 1995) 
(Figures 1.3 and 1.4). The aerodynamic distance was primarily determined by the direction of 
the javelin relative to the velocity of the javelin (Hubbard, 1984; Morriss & Bartlett, 1996), 
which depended on the angle of attack and the angle of sideslip. The angle of attack was 
defined as the angle between the release angle and the orientation of the javelin relative to the 
forward throwing direction in a vertical plane defined by the true vertical axis and the axis 
pointing along the longitudinal axis of the javelin (Bartlett, 1988; Hubbard, 1984; Morriss & 
Bartlett, 1996) (Figure 1.5). The angle of sideslip was defined as the angle between the yaw 
angle and the orientation of the javelin relative to the forward throwing direction in a 
horizontal plane parallel to the ground, and was defined by an axis pointing along the midline 
of the throwing sector and an axis pointing to the left of the runway (Bartlett, 1988; Hubbard, 
1984; Morriss & Bartlett, 1996) (Figure 1.6). The yaw angle was defined as the orientation of 
the release velocity relative to the forward throwing direction in the horizontal plane parallel 
to the ground, and was defined by an axis pointing along the midline of the throwing sector 
and an axis pointing to the left of the runway (Bartlett, 1988; Morriss & Bartlett, 1996) 
(Figure 1.6). The optimal release characteristics for aerodynamic distance were determined 
as a release at a suitable release angle and a precise direction of the release velocity relative 
to the ground and to the javelin (Bartlett, 1988; Best & Bartlett, 1986; Hubbard, 1984; 
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Hubbard & Alaways, 1987; Morriss & Bartlett, 1996; Rich, et al., 1985; Terauds, 1974a, 
1974b). 
The lost distance was the third partial distance of the official distance. It was defined 
as the distance for which the athlete did not get credit, because they released behind the foul 
line or the javelin travelled along a path longer than was measured by the meet officials (Hay 
& Yu, 1995) (Figures 1.3 and 1.4). It had relatively minor effects on official distance, and 
was minimized by releasing as close to the foul line as possible (Hay & Yu, 1995). 
The optimal release characteristics for javelin throwing were determined to be a 
release at a suitable angle with a great release velocity, and a precise direction of the velocity 
relative to the ground and to the javelin (Best & Bartlett, 1986; Hubbard & Alaways, 1987; 
Morriss & Bartlett, 1996; Terauds, 1974a). This approach was found to maximize the 
performance measures of javelin throwing, which were the release speed, the aerodynamic 
distance, and the official distance. 
There were significant gaps in the literature relating javelin throwing performance to 
technique. Studies that have reported the optimal release characteristics have not investigated 
how those release characteristics may be achieved. Eight javelin studies have looked at 
associations between javelin throwing performance and technique (Ariel, 1973; Best, et al., 
1993; Gregor & Pink, 1985; Komi & Mero, 1985; Kunz & Kaufman, 1980; Liu, Leigh, & 
Yu, 2010; Morriss & Bartlett, 1996; Terauds, 1978). Studies that have considered runway 
speed (Komi & Mero, 1985), progressive upper extremity motion (Ariel, 1973; Morriss & 
Bartlett, 1996; Terauds, 1978), and timing (Liu, et al., 2010) as variables that may influence 
official distance found no association between technique and performance. Only backwards 
trunk tilt has been determined as a kinematic variable that has an influence on javelin 
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throwing performance (Kunz & Kaufman, 1980). There was a need, therefore, to explore the 
factors that may have underlain javelin throwing performance, and to identify specific 
movement patterns that may have influenced performance. This information would be of 
direct use for practitioners – primarily coaches and athletes. 
Javelin throwers were found to have a high incidence of injury. Personal 
communication with the US javelin throwers competing at the 2008 United States Olympic 
team trials revealed that 50% had sustained a throwing related injury in the past 4 years. This 
data was self-reported by the athletes directly to the author. Their injuries included anterior 
cruciate ligament tears, ulnar collateral ligament tears, glenoid labrum lesions, sports hernias, 
and vertebral fractures. This was a much greater incidence than the 4% of javelin throwers 
reported to have sustained an injury while competing in the 2007 or 2009 World Athletic 
Championships or 2008 Olympic Games as reported by (Alonso et al., 2009; Alonso et al., 
2010; Junge et al., 2009). In these studies, however, only injuries and illnesses sustained 
during the few days of training and competition were included. Injuries sustained during 
other training sessions or competitions, and athletes who did not qualify to compete at this 
level were not included. These surveys provided important information about the type and 
incidence of injuries sustained by javelin throwers, but they were not comprehensive. The 
injury data from the world championships and Olympics included just 12 male and 12 female 
javelin throwers per competition from around the world, with significant overlap among 
competitions (Alonso, et al., 2010). Furthermore, these studies did not provide information 
about the underlying mechanisms of injury. There was a significant gap in the scientific and 
coaching literature of javelin throwing detailing the injuries sustained by javelin throwers, 
and relating those injuries sustained to possible causes of those injuries. 
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Javelin throwing injuries were determined to have severe effects. Acute and overuse 
injuries could lead to a loss of practice and competition time, may have placed a financial 
and quality of life burden on the javelin thrower, and may have put the javelin thrower at an 
increased risk for secondary and degenerative injuries (Andrews, Broussard, et al., 1985; 
Andrews & Fleisig, 1998; Gerbino, 2003; Limpisvasti, et al., 2007; Lyman & Fleisig, 2005; 
Meister, 2000b; Petty, Andrews, Fleisig, & Cain, 2004b). Injuries sustained through javelin 
throwing were mainly non-contact injuries, so they may have been prevented through 
training programs that modified technique to decrease musculoskeletal stress. Researchers 
and clinicians need to understand relationships between movement and injury before they can 
design and evaluate injury prevention training programs (Luckstead, Satran, & Patel, 2002; 
Rowland, 2001; van Beijsterveldt et al., 2011). 
No studies were performed that related javelin throwing technique to injuries 
sustained by javelin throwers, or that identified possible mechanisms of injury. There was a 
lack of basic information on the mechanisms of javelin throwing injuries. There was a need, 
therefore, to investigate the relationships between javelin throwing technique and injuries 
sustained by javelin throwers. 
 
Statement of the Problem 
The javelin throw is an over-arm throwing event in track and field. Javelin throwers 
are trained to throw the javelin as far as possible.  Although being trained to avoid injury, 
javelin throwers have a high incidence of injury that significantly affects their performance 
and quality of life. Javelin throwers’ throwing techniques directly affect their performance, 
and may be associated with injuries they sustain. Despite complicated techniques for 
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performance, and a high injury rate, scientific studies that critically evaluate javelin throwing 
technique with three-dimensional, biomechanical methods are limited. The overall purpose of 
this study, therefore, was to determine the inter-relationships among javelin throwing 
technique, javelin throwing performance, and injuries sustained by javelin throwers. 
 
Specific Aims of the Dissertation 
To achieve the overall objective of this study, three specific aims were addressed. 
Specific Aim 1: To explore the relationships between (1) biomechanical variables 
describing javelin throwing technique and (2) javelin throwing performance. This 
specific aim would address the gap in the current coaching and scientific literature by 
providing objective information that explained how detailed techniques affect performance. 
Two research hypotheses were tested for this specific aim. 
Hypothesis 1: The timing of the shoulder, elbow, wrist, hip, knee, and ankle joint 
motions and trunk rotations would be significantly correlated with the release speed, the 
aerodynamic distance, and the official distance in javelin throwing. 
Hypothesis 2: The motions of the shoulder, elbow, wrist, hip, knee, and ankle joints, 
and the trunk are significantly correlated with the release speed, the aerodynamic distance, 
and the official distance in javelin throwing. 
Specific Aim 2: To investigate the type of injuries sustained by javelin throwers 
and potential mechanisms for those injuries. This specific aim would provide information 
on the nature of the injuries sustained by javelin throwers. This would entail 
comprehensively surveying javelin throwers to understand what injuries this population 
sustained, and determining the incidence of body position and joint force and torque 
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variables that have been identified as potential mechanisms of injury in over-arm throwing 
motions. Two research hypotheses were tested for this specific aim. 
Hypothesis 3: Javelin throwers' would achieve a right elbow flexion angle of 50 
degrees or less at left foot down, a negative hip-shoulder separation before the release, a 
forward trunk tilt before the release, and a left knee flexion angle of 160 degrees or greater at 
left foot down. 
Hypothesis 4: The average maximum elbow varus and flexion torques, the average 
maximum shoulder internal rotation and horizontal adduction torques, the average maximum 
elbow and shoulder joint resultant joint forces, and the average maximum shoulder joint 
anterior shear force experienced by javelin throwers during the throwing procedure would be 
greater than zero. 
Specific Aim 3: To investigate the relationships between biomechanical variables 
describing javelin throwing technique, musculoskeletal torques and forces, and injuries 
sustained by javelin throwers. This specific aim would address the gap in the coaching and 
scientific literature by relating technique to injuries sustained. This would entail 
comprehensively surveying javelin throwers to understand what injuries they sustained, and 
relating technique to injury. Four research hypotheses were tested to address this specific 
aim. 
Hypothesis 5: The timing of the shoulder, elbow, wrist, hip, knee, and ankle joint 
motions and trunk rotations would be significantly correlated to the average maximum elbow 
varus and flexion torques, the average maximum shoulder external rotation and horizontal 
abduction torques, the average maximum right elbow and right shoulder joint resultant joint 
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forces, and the average maximum right shoulder joint anterior shear force experienced by 
javelin throwers. 
Hypothesis 6: The timings of the shoulder, elbow, wrist, hip, knee, and ankle joint 
motions and trunk rotations would be significantly different between athletes who sustained 
an injury to their shoulder, elbow, trunk, hip, knee, or ankle and athletes who did not sustain 
an injury to that body part. 
Hypothesis 7: The motions of the shoulder, elbow, wrist, hip, knee, and ankle joints, 
and the trunk would be significantly correlated with the average maximum elbow varus and 
flexion torques, the average maximum shoulder external rotation and horizontal abduction 
torques, the maximum elbow and shoulder joint resultant joint forces, and the maximum 
shoulder joint anterior shear force experienced by javelin throwers. 
Hypothesis 8: The motions of the shoulder, elbow, wrist, hip, knee, and ankle joints, 
and the trunk would be significantly different between athletes who sustained an injury to 
their shoulder, elbow, trunk, hip, knee, or ankle and athletes who did not sustain an injury to 
that body part. 
This dissertation would provide significant information to athletes and coaches for 
javelin throwing training aimed at drug-free performance improvement, and for injury 
prevention. 
 
Definitions of Key Terms 
The following terms and their layman’s definitions will be used throughout this 
dissertation (more technical definitions will be made as appropriate in later chapters): 
11 
Aerodynamic Distance: The aerodynamic distance is the distance gained or lost by the 
implement as part of its official distance that can be attributed to the aerodynamic force’s lift 
and drag components. 
Body Landmark: A body landmark is a key, conspicuous, and very specific location or 
anatomical feature that can be observed or located by a researcher during digitizing. 
Body Segment: A body segment is a discrete structure of the human body, such as a limb. 
Double Support or Delivery Phase: The double support phase or delivery phase is the time 
period between the instant when a right handed javelin thrower's left foot contacts the ground 
and the instant they release the javelin. 
Foul Line: The foul line is the curved arched line at the end of the javelin runway, behind 
which the javelin must be released for the throw to be determined legal and measured. No 
part of the competing athlete must land on or over this line. 
Injury: An injury is damage to a bone or soft tissue, such as a ligament, muscle, or tendon. 
Javelin: A javelin is the spear-like implement that is thrown by the athlete taking part in a 
javelin throwing competition. 
Joint: A joint is the location between two distinct segments of the human body around which 
those segments rotate. 
Left Foot Down: Left foot down is the first instant any part of the javelin thrower's left foot 
makes contact with the ground. 
Left Leg Angle: This is the angle between an assumed straight left leg and the global 
horizontal plane.  
Line of Hips: This is an imaginary straight line joining the center of the right hip joint to the 
center of the left hip joint at any given instant. 
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Line of Shoulders: This is an imaginary straight line joining the center of the right shoulder 
joint to the center of the left shoulder joint at any given instant. 
Lost Distance: The lost distance is the distance the implement travels for which the athlete 
does not get credit, either because it was released before the foul line, or did not travel along 
the line measured by the meet officials. 
Official Distance: The official distance is the distance measured by meet officials from the 
point of landing of the implement to the inside edge of the foul line in a track and field 
throwing event. In javelin throwing this distance is measured from the first mark on the 
ground made by the landing javelin; the mark closest to the foul line. 
Over-arm Throwing: Over-arm throwing will be used to describe any throwing activity 
where the motion is such that the motion of the hand holding the implement to be thrown 
occurs above the height of the shoulder of the throwing arm. Examples are javelin throwing, 
baseball pitching, and football passing. 
Performance: In javelin throwing, performance refers to the longest official distance a javelin 
thrower manages to achieve throughout the competition. 
Release: The release is the instant in time that the implement and the hand of the thrower 
completely break contact. 
Release Angle: The release angle is the angle between the release velocity and the 
longitudinal axis of the javelin. 
Release Conditions: The release conditions are all of the variables that completely determine 
the free-body motion of the implement after the release, and includes the initial conditions of 
position, velocity, and acceleration, as well as any time-dependent variables that act on the 
implement from the release until it comes to a stop, such as gravitational forces. 
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Release Height: The release height is the vertical position of the center of mass above the 
origin of the global reference frame. 
Release Speed: The release speed is the rate of change of position of the center of mass of the 
javelin at the instant of release, and is mathematically defined as the absolute magnitude of 
the velocity vector of the implement at the release. 
Right Foot Down: Right foot down is the first instant any part of the javelin thrower's right 
foot makes contact with the ground. 
Sector: The sector is the marked area of the stadium in which athletes are competing that the 
implement must land in for the throw to be deemed legal and measured.  
Single Support Phase: The single support phase is the time period between the instant when a 
right handed javelin thrower's right foot contacts the ground and the instant when their left 
foot contacts the ground. 
Technique: Technique refers specifically to the combination of actions that make up the 
javelin throwing procedure. This includes any carrying, backswing or cocking motion made 
to move the implement away from the throwing direction, as well as any motion made to 
propel the implement towards the throwing direction. 
Throwing Procedure: The throwing procedure is the sum of an athlete’s actions that make up 
their attempt to complete the predefined throwing activity. In javelin throwing, this 
encompasses all of the motions made by the athlete as they attempt to propel the implement 
from rest up to the release. The throwing procedure time refers to the time from right foot 
down to release. 
Trunk Tilt: Trunk tilt is defined as inclination of the trunk segment away from the true 
vertical in the sagittal plane of the trunk segment. 
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Vacuum Flight Distance: The vacuum flight distance is the theoretical distance travelled by 
the center of mass of the implement in an airless environment, and is calculated by solving 
the range equation using the initial conditions of release speed, release angle, and release 
height.  
 CHAPTER II 
REVIEW OF LITERATURE 
 
Javelin Throwing Technique 
The Javelin: The javelin is a type of light spear designed for throwing in an athletic 
competition. The javelin consists of a metal head, a shaft made of a homogeneous material, 
such as steel, aluminum, or carbon fiber, and a cord grip which is wound round the shaft at 
the center of mass (Figure 2.1). The javelin is circular along its length and tapers to a point at 
the front and rear from the grip. For male javelin throwers, the javelin weighs 800 grams and 
is 2.6 meters to 2.7 meters long. For female javelin throwers, the javelin weighs 600 grams 
and is 2.2 meters to 2.3 meters long (IAAF, 2009). 
The Arena: The javelin throw is performed by throwing from a runway into a 
throwing sector. The throwing sector is often located within a track and field arena, inside a 
running track. The runway is 30 meters to 36.5 meters in length and 4 meters wide. The 
runway ends with a foul line, and the throw must be performed behind the foul line. The foul 
line is not straight, but is an arc that has a radius of 8 meters. The javelin is thrown into the 
throwing sector from behind the foul line arc, and the sector extends outwards from the arc 
with a central angle of 26 degrees (IAAF, 2009) (Figure 2.2). 
Although detailed techniques may vary among athletes, a javelin throwing technique 
generally consists of seven components for a right handed thrower (Hay, 1993; Morriss & 
Bartlett, 1996): 
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1. The Carry: The javelin must be held at the cord grip, which is wound around the 
shaft of the javelin at the center of mass (Figure 2.1). The throw begins with the javelin 
thrower facing the throwing direction and carrying the javelin above their right shoulder with 
their palm up, their elbow flexed approximately 90 degrees, and their shoulder abducted 
approximately 90 degrees (Figure 1.1 frame 1 and Figure 1.2 frame 1). 
2. The Run-Up: To reach the maximum controllable speed at the release, a javelin 
thrower will include a run-up before transitioning into a throwing motion. This serves to 
increase momentum of the thrower plus javelin system, which can be transferred to the 
javelin only at release. The javelin thrower will face forwards and run in a relatively upright 
position towards the throwing sector with the line of their shoulders and the line of their hips 
approximately perpendicular to the throwing direction, and their feet facing the throwing 
direction. The javelin thrower will run towards the throwing direction at a speed suitable for 
their ability for around 10-15 strides. They will accelerate to increase their running speed 
throughout this phase to a speed that can be controlled during the transition from run to throw 
(Figure 1.1 frames 1-7 and Figure 1.2 frames 1-5). 
3. The Withdrawal: Near the end of the 10-15 strides of run-up, the javelin thrower 
will start to withdraw the javelin, so it is further behind them. Their right arm will have 
almost full elbow extension, and will be externally rotated and horizontally abducted so the 
javelin thrower’s hand is behind them at approximately at shoulder height. Getting into the 
withdraw position is usually accomplished by pushing their right hand backwards and turning 
their shoulders so that the line of their shoulders is approximately parallel to the line of the 
throwing direction with the left shoulder leading the right shoulder (Figure 1.1 frames 6-13 
and Figure 1.2 frames 2-10). 
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4. The Crossovers: Around the time the javelin is moved into the withdrawn position, 
the javelin thrower will transition from running while their hips are facing towards the 
throwing direction into crossovers. Crossovers are a type of sideways run, where the line of 
the javelin thrower’s hips is turned to be between 45 degrees and 90 degrees to the throwing 
direction. For a right handed thrower, their left hip will lead their right hip. The line of the 
javelin thrower’s shoulders and the javelin are maintained at roughly parallel to the throwing 
direction (Figure 1.1 frames 8-20 and Figure 1.2 frames 6-26). 
The athlete will attempt to have their feet contact the ground underneath their center 
of mass, which produces a characteristic backwards lean. Usually three to seven crossovers 
are performed to transition from running to throwing. The athlete will attempt to accelerate 
through the crossovers to achieve the maximum runway speed at the start of the delivery 
stride. The final stride of the crossovers, known as the impulse stride, ends with a forceful 
horizontal drive from their left leg, and fast action from both legs during the flight phase 
between the impulse stride and the delivery stride. This fast leg action brings their left leg 
level with, or forward of, their right leg at the instant their right leg contacts the ground to 
begin the delivery stride (Figure 1.1 frames 15-20 and Figure 1.2 frames 19-26). 
5. The Single-Support Phase: The single-support phase of the delivery stride starts 
from the right foot touchdown of the last cross-over stride, and ends at the following left foot 
touchdown. The objective of the delivery stride is to position the javelin thrower in the 
optimum position for executing the throwing action. During the delivery stride, the javelin 
thrower’s right foot will contact the ground first, while their left leg reaches out in the 
direction of the throw. The javelin thrower should still have a backward trunk tilt, with an 
approximately straight line joining their left foot, left hip, and right shoulder. The lines of 
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their hips and their shoulders will start to rotate towards the throwing direction during this 
phase, with the line of the hips leading the line of the shoulders. The javelin thrower’s right 
hip, knee and ankle joints flex during single support to facilitate rotation of their body over 
their right foot. This allows greater runway speed and momentum to be maintained up to the 
release by minimizing braking (Figure 1.1 frames 20-22 and Figure 1.2 frames 26-29). 
6. The Delivery Phase: The delivery phase starts from the left foot touchdown of the 
delivery stride and ends at the release of the javelin from the hand. The objective of the 
delivery is to give the javelin a final acceleration to release the javelin with the maximum 
velocity in the optimal direction. The javelin thrower braces their left knee at the left foot 
touchdown in a process known as blocking. This decelerates the javelin thrower and allows 
momentum of the javelin thrower plus javelin system to be transferred into the javelin only. 
The javelin thrower will fully rotate their right hip towards the throwing direction to bring 
the line of their hips perpendicular to the throwing direction. This hip rotation is followed by 
forward rotation of the upper trunk, moving their right shoulder towards the throwing 
direction, and bringing the line of their shoulders perpendicular to the throwing direction. 
Following this hip and shoulder rotation, the joints of the upper arm move in sequence to 
increase linear velocity. The joint actions are firstly shoulder joint horizontal adduction and 
internal rotation, this is followed by elbow joint extension, and then wrist joint flexion, and 
finally the release of the javelin. For a legal throw the javelin must be released over the 
shoulder and upper arm of the right arm (Figure 1.1 frames 22-25 and Figure 1.2 frames 29-
32). 
7. Recovery: Immediately after the release, the javelin thrower will take a few 
recovery steps to dissipate the remaining momentum and to come to a complete stop. They 
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also slow the motion of their throwing arm from maximum velocity at the release to rest over 
a long displacement. The javelin thrower must complete the throw behind the foul line, and 
the javelin must land point first for a legal throw (Figure 1.1 frames 26-31 and Figure 1.2 
frames 33-39). 
For a left handed javelin thrower, the same basic sequence is followed; however the 
left and right side roles are reversed. A left handed javelin thrower will carry the javelin in 
their left hand. They will have a lead of their right shoulder over their left shoulder from the 
withdrawal and a lead of their right hip over their left hip during the crossovers. The impulse 
stride will begin with a drive from their right leg. The single support leg will be the left leg, 
and they will block with their right leg. 
Javelin throwing is an over-arm throwing motion. Meister (2000) suggested that 
movements such as the baseball pitch, football pass, handball pass, and the tennis serve could 
all be modeled as variations of a general over-arm throwing motion, with baseball pitching as 
the base model. The schema theory proposed by Schmidt (1975) suggested this may be a 
reasonable assumption as long as the movement patterns among specific skills were similar. 
Schema theory suggested that specific movements were not learned; instead a “generalized 
motor program” was developed by the brain. This generalized motor program contains 
invariant features, which makes it general, and variant features, which allows for application 
to many similar skills (Schmidt, 1975). This allows for the brain to link generally similar 
movements into a movement class, i.e. to group movements into a generalized motor 
program with the same invariant features. A specific movement from a class can be produced 
by varying the parameters used to construct the movement, i.e. by altering the variant 
features to scale the movement. For over-arm throwing the invariant features of the 
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generalized motor program would be: the musculature of the body used in the movement and 
their firing sequence, the relative durations of muscle activity, and the relative force 
produced by the musculature. The variant features of the generalized motor program would 
be the absolute timing and force of the musculature involved (Schmidt ,1975). This scaling of 
the variant features allows for different movements to be produced from one generalized 
motor program as the different absolute forces and times result in altered kinematics of 
movements. For example, greater angular velocity of limb segments can be achieved through 
greater muscle contraction force, while the pattern of angular velocities remains similar 
(Schmidt ,1975). A generalized over-arm throwing motion as proposed by Meister fit within 
this Schema theory. Javelin throwing may be part of a general over-arm throwing motion, 
along with baseball pitching, handball passing, and tennis serving. 
Javelin throwing is similar to baseball pitching. Atwater (1970), Bunn (1972), and 
Wickstrom (1977) made comparisons between javelin throwing and baseball pitching. These 
researchers determined that following the running approach and the crossovers, the javelin 
throwing motion is similar to the baseball pitching motion. That is, the single support phase 
and delivery phase of javelin throwing is similar to the acceleration phase motion of baseball 
pitching. Atwater (1970) noted that the shoulder and arm motion of baseball pitching, 
American football passing, tennis serving, badminton, volleyball spiking, and javelin 
throwing were all similar. She found that the differences among these skills were mainly in 
the orientation of the arm, and that the orientation of the arm varied due to lateral trunk 
flexion instead of a different shoulder joint movement pattern. This supported Meister’s 
theory of a generalized motor program for over-arm throwing. 
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Fleisig et al (2011) compared baseball pitching from a mound to throws for distance. 
They found that baseball pitching was significantly different from throwing for distance in 
measures of joint angle, joint angular velocity, and joint torque. However, the variables they 
chose to compare for different throwing goals were absolute values of joint angle, joint 
angular velocity, and joint torque. These are variant features of a general over-arm throwing 
motion, because they are absolute not relative, and would be likely to vary. Relative timing, 
coordination and force are invariant features of a motor program, but these were not 
compared among pitching and throwing for distance. Twelve of the 25 variables that were 
compared were not significantly different among throws, suggesting strong similarity among 
throws. There was no research that compared the invariant features of over-arm throwing for 
distance with the invariant features of baseball pitching. This study did not provide sufficient 
evidence against the theory of a generalized motor program for over-arm throwing. 
Baseball pitching has a visually similar motion pattern to javelin throwing, as can be 
seen in Figures 2.3 and 2.4. The motion patterns for right handed throwers of both skills are 
comparable when still images are viewed side-by-side. During the single support phase of 
javelin throwing, the thrower extends their left leg towards the throwing direction, starts to 
twist their trunk leftwards decreasing the hip-shoulder separation angle, further abducts and 
externally rotates their shoulder, and flexes their elbow (Hay, 1993; Morriss & Bartlett, 
1996) (Figure 2.3). During the stride and cocking phases of baseball pitching, the pitcher 
strides their left leg towards their target, rotates their pelvis and upper trunk towards the 
target maintaining some lag between these rotations, swings their right arm down and up into 
shoulder abduction and external rotation, and flexes their elbow (Fleisig, 2010) (Figure 2.3). 
During the delivery phase of javelin throwing, the thrower rotates their trunk leftwards and 
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tilts it forwards, horizontally adducts and internally rotates their shoulder, extends their 
elbow, and flexes their wrist (Hay, 1993; Morriss & Bartlett, 1996) (Figure 2.4). From the 
cocked position to ball release in baseball pitching, the pitcher tilts their trunk forwards and 
rotates it leftwards, internally rotates their shoulder, and extends their elbow (Fleisig, 2010) 
(Figure 2.4). 
These results and visual comparisons suggested that javelin throwing motion was 
similar to baseball pitching and other over-arm throwing skills. Javelin throwing could be 
considered as part of a generalized over-arm throwing motion. Results from and methods 
used in studies on the throwing motion of over-arm skills could be applicable to javelin 
throwing. Results from and methods used in this dissertation could be applicable to other 
studies of over-arm throwing motion. The similarity of the baseball pitching and javelin 
throwing techniques set the basis for comparing the joint loadings between these two 
techniques and injury mechanisms. 
 
Javelin Throwing Performance 
Javelin performance was determined by the official distance measured by meet 
officials, and practice improvements were measured by increases in distance thrown. 
Distance, therefore, was the measure to be maximized when investigating optimal technique 
for performance. Of the four throwing events in track and field, men’s javelin throwing had 
the greatest difference between the world record throw and the next longest throw by a 
different competitor. The world record for the men’s javelin throw was 98.48 meters and was 
set by Jan Zelezny in 1996. Jan Zelezny held the top five longest men’s javelin throws, and 
the next longest throw by a different competitor was 93.09 meters, which was achieved by 
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Aki Parviainen in 1999 (Larsson, 2011). The difference between these two throws was 5.39 
meters, which was 5.5% of the world record. The next greatest difference occured in the 
women’s discus throw event where 2.24 meters separated the top two competitors, which 
was 3% of the world record (Larsson, 2011). For the women’s javelin throw the world record 
was 72.28 meters, which was set by Barbora Spotakova in 2009. The next longest throw by a 
different competitor was 71.99 meters, which was achieved by Mariya Abakumova in 2011 
(Larsson, 2011). The difference between these two throws was 29 centimeters, which is 0.5% 
of the world record. The other throwing events had differences of one percent or less than the 
world record between the top two competitors. For comparison, one percent was the 
difference between the world record in the 100 meter dash and the next fastest time for both 
the men’s and women’s events. 
Jan Zelezny had thrown 40 of the 100 longest men’s javelin throws in history. In the 
throwing events this proportion was bettered only by women’s shot putter Ilona Slupianek, 
who had 45 of the 100 longest throws. In the women’s javelin throw, Christina Obergfoll had 
thrown 26 of the longest 100 throws in history, and Barbora Spotokova had thrown 17. All 
other throwing events had lower proportions of the 100 longest throws, ranging from 15 to 25 
(Larsson, 2011). 
Jan Zelezny was the dominant men’s javelin thrower in the modern era, and was the 
coach of Barbora Spotokova, who was the world record holder for the women’s javelin 
throw. There appeared to be something about their style of javelin throwing that was 
effective for performance and may have been unknown to other elite throwers. An analysis of 
technique differences could improve understanding of what is important to throw the javelin 
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far, and highlight where technique changes needed to be made for other throwers to optimize 
their performance. 
 
Biomechanical Factors That Affect Performance in Javelin Throwing 
Official Distance and Partial Distances 
The performance measure of javelin throwing was official distance, which was the 
distance measured by meet officials from the point of landing to the inside of the painted foul 
line co-linear with the point of landing and the radius of the arc of the foul line (IAAF, 2009) 
(Figure 1.3). This was a measured distance, which was related to, but not the same as the 
total distance thrown by a javelin thrower. Similar to the official distance in discus throwing, 
the official distance in javelin throwing was divided into three partial distances: (1) the 
vacuum flight distance, (2) the aerodynamic distance, and (3) the lost distance (Hay and Yu, 
1995) (Figures 1.3 and 1.4). The vacuum flight distance was the distance between the landing 
point and the release point if the javelin was a point mass travelling in an airless 
environment. The vacuum flight distance was calculated from the range equation using 
release variables. The aerodynamic distance was the distance gained or lost due to the lift and 
drag components of the aerodynamic force applied to the javelin during its flight in the air. 
The aerodynamic distance was calculated by looking at the difference between the official 
distance and the partial distances that could be calculated – the vacuum flight distance and 
the distance lost at release (Hay and Yu, 1995). The lost distance was the distance the 
thrower did not get credit for his or her performance, for example because they released 
behind the mark from which the official distance wwa measured from (Hay and Yu, 1995). 
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The official distance (dO) was expressed as a function of the vacuum flight distance (dF), the 
aerodynamic distance (dA), and the lost distance (dL) as: 
dO = dF + dA - dL                      (1) 
Among the three partial distances, the vacuum flight distance and the aerodynamic 
distance were the major components of the official distance, and the lost distance had 
relatively small effects on official distance (Hay and Yu, 1995). The release speed was the 
principal determinant of vacuum flight distance (Hay and Yu, 1995), and the release speed 
was the primary variable that differentiated between performances and performers in 
throwing events. The aerodynamic distance was more important in javelin throwing than 
other events, due to the greater aerodynamic properties of the javelin (Hubbard, 1984; 
Hubbard & Alaways, 1987; Hubbard & Rust, 1984b). The three major performance measures 
of javelin throwing technique, therefore, were the official distance, the release speed, and the 
aerodynamic distance. 
Factors That Affect Vacuum Flight Distance 
The culmination of the javelin throwing technique is the release. After the release the 
athlete can exert no further control on the javelin to increase the distance thrown. The 
purpose of the throwing technique, therefore, is to optimize release variables to achieve the 
greatest official distance traveled by the javelin. The vacuum flight distance is the principal 
component of the official distance. The athletes’ techniques result in the release variables that 
determine the vacuum flight distance. The vacuum flight distance was completely determined 
by the release speed, the release angle, the release height, and the acceleration due to gravity, 
per the range equation (Hay and Yu, 1995; Leigh et al, 2008). 
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𝑑𝐹 =  𝑣𝑟 cos 𝜃 × 𝑣𝑟 sin𝜃+�𝑣𝑟2𝑠𝑖𝑛2𝜃−2𝑔𝑧𝑖𝑔                     (2) 
Where dF = vacuum flight distance, vr = release speed, θ = angle of release, g = 
constant acceleration due to gravity, and zi = the vertical coordinate of the front of the grip of 
the javelin at the point of release. 
The release speed was defined as the absolute magnitude of the velocity vector of the 
center of mass of the javelin at release (Figures 1.5 and 1.6). The release angle was defined 
as the angle between the direction of the velocity vector of the center of mass of the javelin at 
release and the horizontal plane (Figure 1.5). The release height was defined as the vertical 
position of the javelin’s center of mass at release (Figure 1.5). 
The release speed was shown to be essentially the sum of the approach run speed and 
the gain in the speed of the javelin during the delivery (Best & Bartlett, 1986), and to account 
for the greatest differences in vacuum flight distance. In contrast to the other four Olympic 
throwing events (the discus throw, the hammer throw, and the shot put) the javelin throw is 
performed from a runway, not from inside a throwing circle. The use of a runway reduces the 
space constraints placed on the athlete, but increases the demands on running speed and skill 
to throw long distances by taking advantage of the run-up (Best & Bartlett, 1986). Javelin 
throwers can gain considerable speed from their run-ups. This speed can be utilized, with 
correct technique, to increase the distances thrown far in advance of that achieved from a 
standing throw. This great speed is associated with considerable momentum gains changes, 
which must be controlled to safely transfer speed to the javelin. Skill in the javelin throw run-
up, therefore, is a tradeoff between generating high running speeds and utilizing that speed to 
increase the distance thrown (Best & Bartlett, 1986). The linear javelin throw run-up, in 
contrast to the mainly rotational techniques of the discus throw, hammer throw, and shot put, 
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makes the javelin throw a predominantly linear event. There is, however, a substantial 
rotational component to javelin throwing (true rotational techniques have been banned by the 
IAAF due to safety concerns). Competitors run sideways towards the throwing direction for 
the final few strides of the run-up, and rotate their body before releasing the javelin while 
facing the throwing direction. A considerable amount of speed of the javelin at release is 
added during the delivery phase (Best & Bartlett, 1986), where the majority of the angular 
motion occurs. Thus, javelin throwing contains both three-dimensional linear and rotational 
components that must be performed at high speeds to gain the maximum release speed. 
Any increase in release speed will result in a greater official distance, all other 
variables remaining constant, since the vacuum flight distance is directly proportional to 
release speed squared (Hubbard, 1987). The release speed cannot be optimized, therefore, 
and should be maximized by any thrower wishing to throw for maximum distance. It has 
been suggested that release speeds in excess of 28.5 m/s are necessary for male javelin 
throwers to achieve distances over 80m, and release speeds in excess of 25 m/s are necessary 
for female javelin throwers to achieve distances over 60 m (Best & Bartlett, 1986; Ikegami, 
Miura, Matsui, & Hashimoto, 1981; Komi & Mero, 1985; Kunz & Kaufman, 1980; Miller & 
Munro, 1983; Rich, Gregor, Whiting, & McCoy, 1985; Rich, Whiting, McCoy, & Gregor, 
1985; Terauds, 1972, 1978b, 1983). The release speed has been shown to strongly positively 
correlate with the official distance (Best & Bartlett, 1986; Hubbard & Alaways, 1987; 
Ikegami, Miura, Matsui, & Hashimoto, 1981; Komi & Mero, 1985; Kunz & Kaufman, 1980; 
Miller & Munro, 1983; Rich, Whiting, McCoy, & Gregor, 1985; Terauds, 1972), and is the 
single most important factor governing performance and differentiating the distance thrown 
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on an inter- and an intra-athlete basis (Best & Bartlett, 1986; Miller & Munro, 1983; Rich, 
Whiting, McCoy, & Gregor, 1985). 
There are two contrasting running styles that may affect the speed gained from the 
run-up and the release speed. A javelin thrower may attempt to maintain as much of their 
run-up speed up to the release, the European style, or allow their speed to decrease during the 
transition and up to the release, the Finnish style (Komi & Mero, 1985). A study including 
two throwers who used these contrasting techniques found that the athlete who allowed their 
speed to decrease up to the release (58% of their runway speed remained at the release) threw 
further than the athlete who maintained their speed up to the release (77% of their runway 
speed remained at the release) (Komi & Mero, 1985). The authors suggested that the Finnish 
style offers a distinct advantage by decreasing the distance lost at release, and that in this 
case the smaller distance lost at release was the difference in official distance between the 
two throwers. The authors also mentioned, however, that the athlete with 58% of their speed 
remaining at the release had a runway speed 1 m/s higher than the athlete who had 77% of 
their runway speed remaining at release. When this difference was accounted for, the runway 
speed differences were negligible. Furthermore, considering the runway speed in isolation, 
did not account for differences in either athletes’ ability to generate additional release speed 
during the delivery, which may have accounted for the difference in official distance between 
these two athletes. Since the same study reported no significant correlation between runway 
speed and official distance. All this together suggests that the importance of runway speed on 
technique has not yet been determined. 
The primary method of increasing the release speed of the javelin above that achieved 
through the runway speed is by applying force to the javelin over an acceleration path 
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(Bartlett, 1983). By applying a greater force over a given distance, or applying a given force 
over a greater distance, or by combining these two, the javelin’s release speed will be 
increased. One technique method that has been suggested is increasing the acceleration path, 
the distance over which a given force is applied, by increasing backwards trunk tilt (Kunz & 
Kaufman, 1980). Increasing the backwards trunk tilt may increase the horizontal and vertical 
distance travelled by the javelin during the delivery as there is a tendency for forwards lean 
late in the throwing procedure. Increased backwards trunk tilt was correlated with increased 
official distance (Kunz & Kaufman, 1980). The timing of the accelerations of body segments 
is another proposed method to increase the release speed. By sequentially adding the 
maximum angular velocity of each body segment onto the maximum angular velocity of the 
segment preceding it in an order from the midline of the body out to the right hand, a greater 
angular momentum will be generated at the last link in the chain – the javelin. This method 
may increase the force applied to the javelin by increasing the angular momentum available 
to transfer speed to the javelin. This kinetic linking sequence has been reported in 
competitive javelin throwers (Ariel, 1973; Terauds, 1978a, 1978b; Morriss & Bartlett, 1996). 
Considerable individual variations in the kinetic linking sequence were reported, and no 
direct link has been found with release speed or official distance. 
The optimal release angle to maximize vacuum flight distance would be slightly less 
than 45 degrees if all release variables were independent of one another. It has been shown 
by Red & Zogaib (1977), Viitasalo & Korjus (1987), and Vitasalo, Mononen, & Norvapalo 
(2007) that for javelin throwing the release speed and release angle are related, and any 
change in release angle is associated with a change in release speed. This relationship is also 
evident in other throwing activities (Linthorne, 2002, Vitasalo, Mononen, & Norvapalo, 
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2007). The relationship is predominantly linear and negative, although positive relationships 
have been noted (Vitasalo, Mononen, & Norvapalo, 2007). This means that the release angle 
is a variable that can be optimized, and is athlete-specific. The optimal release angle for 
javelin throwing has been reported as approximately 36.5 degrees (Best & Bartlett, 1987), 
and is likely to be as inclined as possible with minimal loss in release speed. Hubbard (1984) 
found that a three degree increase in release angle, from 30 degrees to 33 degrees, resulted in 
a decrease in official distance of less than one meter. The release angle has considerably less 
influence on vacuum flight distance than release speed. 
An increase in the release height will result in an increase in official distance, 
however, increasing the release height may change technique. Therefore, this variable may 
also need to be optimized rather than maximized, so that release height is as high as possible 
without altering technique. The javelin is usually released directly overhead with an extended 
elbow (Bartlett, 1983; Miller & Munro, 1983; Rich, Whiting, McCoy, & Gregor, 1985); 
however trunk flexion and lateral flexion decrease the overall release height so it is positively 
correlated with standing height (Rich, Whiting, McCoy, & Gregor, 1985; Terauds, 1978b, 
1985). Miller and Munro (1983) found an increase in official distance of 0.35 meters for a 
maximal change in release height, suggesting the release height is the least important release 
variable affecting the vacuum flight distance. 
Factors That Affect Aerodynamic Distance 
The javelin is the most aerodynamic of all the field event implements, therefore, 
aerodynamic forces must be included in any evaluation of performance. A javelin is five 
times more aerodynamic than a discus, and 500 times more aerodynamic than a shot or 
hammer (Hubbard, 1984). The javelin itself is a spear consisting of a solid or hollow smooth 
31 
shaft made of metal, usually aluminum or steel, or carbon fiber, with a metal head that must 
have a sharp point, and a cord grip wound around the center of mass. In 1984 a men’s javelin 
throw world record of 104.8 was achieved, and in 1986 the javelin specifications were 
changed to reduce the distances thrown and increase the likelihood of a point first landing. 
These changes primarily affected the aerodynamic distance (Hubbard, 1984). Similar 
changes were made for the women’s implement in 1999. The center of mass of the javelin 
was moved forwards in an attempt to cause the javelin to pitch forward in flight, and the 
minimum radius of the tail of the javelin was increased, thereby increasing drag forces 
(Hubbard, 1984). These new rules javelins must be a minimum of 260 cm long with a 
minimum mass of 800 grams for men, and a minimum of 220 cm long with a minimum mass 
of 600 grams for women. The center of mass of the men’s javelin must be between 0.9 
meters and 1.06 meters from the tip. The center of mass of the women’s javelin must be 
between 0.8 meters and 0.92 meters from the tip. Strict rules govern the construction and 
dimensions of the javelins (IAAF, 2009). 
Athletes’ throwing techniques result in the release variables that principally determine 
the aerodynamic distance. The aerodynamic distance is calculated from the difference 
between the official distance and the vacuum flight distance and the lost distance (Hay & Yu, 
1995). The release variables that are used to calculate vacuum flight distance are the release 
speed, release angle, release height, and acceleration due to gravity. The release speed and 
the release angle are also determinants of aerodynamic distance (Hay & Yu, 1995). 
Aerodynamic flight is complicated, however, and further release variables influence 
aerodynamic flight. The release variables of the angle of attack, the angle of sideslip, the 
inclination angle, the yaw angle, the pitch rate, the yaw rate, the spin, and vibration of the 
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javelin at release have a great influence on the lift and drag forces that act on the javelin, and 
the aerodynamic distance, but are not used in the calculation of vacuum flight distance 
(Hubbard, 1984). The aerodynamic characteristics of the javelin, such as its mass, shape, 
surface area, principal moments of inertia, lift and drag coefficients, and projection area also 
influence the lift and drag forces and the aerodynamic distance (Hubbard, 1984). 
Environmental conditions, such as the atmospheric pressure, wind speed and wind direction, 
have no effect on the vacuum flight distance, but have a great influence on the drag and lift 
forces during flight, and therefore the aerodynamic distance (Hubbard, 1984). The 
aerodynamic flight of the javelin is a complicated concept. Considering the aerodynamic 
distance as representing all the complicated factors simplifies analysis and interpretation. 
Aerodynamic distance is determined by the release speed, the release angle, the 
inclination and direction angles of the javelin, the angle of attack, the yaw angle, the angle of 
sideslip, the pitch rate, the yaw rate, the spin, and the vibration of the javelin at release. The 
release speed is the absolute magnitude of the velocity vector of the center of mass of the 
javelin at release (Figures 1.5 and 1.6). For aerodynamic flight, this speed should be 
referenced to the wind vector (Hubbard, 1984), however, in most studies wind speed and 
direction are not investigated, and are assumed to be zero. The release speed, then, is the 
speed of the javelin relative to the lens of the camera. Furthermore, the wind speed and 
direction change with altitude, so truly accurate measurements of wind need to consider a 
range of altitude, since the javelin reaches great heights as it flies. These measurements are 
very difficult to make, hence the assumptions of zero wind. In general, the velocity of the 
javelin is much greater than the wind speed, so the assumptions of zero wind speed may not 
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have a great influence. Release velocities of 28 meters/second are common, which would be 
the equivalent of a storm force wind with a hurricane warning on the Beaufort scale. 
The orientation of the javelin at the release can be described with the inclination 
angle, and the angle of attack. The release angle is the angle between the direction of the 
velocity vector of the center of mass of the javelin at release and the horizontal plane (Best & 
Bartlett, 1987) (Figure 1.5). The release angle is a measure of the orientation of the velocity 
of the javelin (Best & Bartlett, 1987). The inclination angle, is the angle between the plane of 
the javelin formed by its longitudinal axis and the horizontal plane (Best, Bartlett, & Morriss, 
1993) (Figure 1.5). It represents the orientation of the javelin relative to the horizontal plane 
at release. The angle of attack is the angle between the vertical orientation of the javelin and 
the release angle (Best, et al., 1993), and represents deviation between the vertical orientation 
of the javelin and the movement direction of the javelin at release (Figure 1.5). 
The orientation of the javelin at the release can also be described with the yaw angle, 
the direction angle, and the angle of sideslip. The yaw angle is the angle between the 
direction of the velocity vector of the center of mass of the javelin and the horizontal plane 
projected in the vertical plane parallel to the horizontal axis pointing in the principal 
throwing direction (Best & Bartlett, 1987) (Figure 1.6). The direction angle is the angle 
between the longitudinal axis of the javelin and the vertical plane parallel to the horizontal 
axis pointing toward the principal throwing direction projected onto the horizontal plane 
(Best, et al., 1993) (Figure 1.6). The angle of sideslip is the angle between the longitudinal 
axis of the javelin and the release velocity vector projected onto the horizontal plane (Best, et 
al., 1993), and represents deviation between the horizontal orientation of the javelin and the 
direction of the movement of the javelin (Figure 1.6). 
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Hubbard (1984) suggested that for javelin throwing performance, the release angles 
may be less important than the rates of revolution associated with those angles. The release 
angle describes the static orientation of the javelin in the vertical plane. The pitch rate 
describes how the javelin tumbles forwards during flight (Best & Bartlett, 1987). The pitch 
rate is the angular velocity of the javelin that causes it to rotate around the horizontal 
perpendicular axis, which is an axis that is perpendicular to the longitudinal axis of the 
javelin and parallel to the horizontal plane (Best, et al., 1993). The yaw angle describes the 
static orientation of the javelin in the horizontal plane. The yaw rate describes how the 
javelin twists to the left or the right during flight (Best & Bartlett, 1987). The yaw rate is the 
angular velocity of the javelin that causes it to rotate around an axis that is orthogonal to the 
plane defined by the longitudinal axis of the javelin and an axis that is perpendicular to the 
longitudinal axis of the javelin and parallel to the horizontal plane (Best, et al., 1993). The 
spin of the javelin is the rate at which the javelin rotates around its longitudinal axis (Best, et 
al., 1993). Hubbard found that a three degree increase in release angle resulted in a decrease 
in official distance of less than one meter, but a decrease of five meters occurred with a 
change of two degrees/second in pitch rate. He concluded that pitch rate was more important 
than release angle for maximizing the official distance. This is most likely due to the effect of 
pitch rate on aerodynamic distance, since it is not a component of the range equation used to 
calculate vacuum flight distance. The pitch rate probably affects the lift and drag forces that 
act on the javelin during flight. 
As the javelin flies through the air after it has left the hand of the javelin thrower, the 
surface of the javelin travels through the fluid environment of the air. This movement of the 
air relative to the surface of the javelin causes a surface force to act on the javelin. This 
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surface force is an aerodynamic force and has two components. The lift force is the 
component of the aerodynamic force that acts perpendicular to the surface of the javelin and 
tends to act generally upwards, countering the gravitational effects (Figure 2.5). The drag 
force is the component of the aerodynamic force that acts parallel to the surface of the javelin 
and tends to cause the javelin to decelerate (Figure 2.5) (Best & Bartlett, 1987; Hubbard, 
1984). Properties of the javelin that affect the lift and drag forces include the drag coefficient 
and the lift coefficient. 
The drag coefficient is a measure of how much an object disrupts fluid flow around it 
(Hubbard, 1984). A value close to zero represents strong laminar flow, which means the 
object travels easily through fluid, whereas a high value means the object disrupts fluid flow 
and causes turbulent flow (Hubbard, 1984). For a javelin a lower drag coefficient means the 
javelin is more streamlined (Bertin, 2001). The drag coefficient is dependent on the material 
properties of the javelin and the angle of attack. The lift coefficient is a measure of how 
much lift an object gets from fluid flow past it relative to how much drag affects the same 
object. A greater value represents more lift force than drag force is acting on the object 
(Bertin, 2001). The lift force is dependent on the material properties of the javelin and the 
angle of attack. A greater angle of attack, up to the point where fluid flow is greatly disturbed 
and the object stalls, will produce more lift (Hubbard, 1984). An angle of attack greater than 
zero was found to be a necessity for lift (Hubbard, 1984). This is true only for the actual 
angle of attack, however. The apparent angle of attack may be observed to be negative, but 
the actual angle of attack may be positive if the wind vector were included in the calculation. 
A positive angle of attack is necessary for lift, but an increase in angle of attack may 
increase drag forces. The drag force is proportional to the drag coefficient, the projection 
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area, the atmospheric pressure, and the square of the relative velocity of the center of mass of 
the javelin referenced to the wind vector (Bertin, 2001) (Figure 2.5). The angle of attack 
affects the projection area, which is the surface area of an object orthogonally projected onto 
the plane of fluid it is contacting (Bertin, 2001) (Figure 2.5). For a javelin, this represents 
how much of the javelin initially contacts the air, and is heavily influenced by the angle of 
attack (Bertin, 2001). For a javelin thrown at a release angle of zero degrees and an angle of 
attack of zero degrees, the projection area will be the cross sectional area of the javelin 
measured perpendicular to the longitudinal axis of the javelin (Figure 2.5). For a javelin 
thrown at a release angle of zero degrees and an angle of attack of 90 degrees, the projection 
area will be the cross sectional area of the javelin measured parallel to the longitudinal axis 
of the javelin (Figure 2.5). Low angles of attack are associated with small projection areas. 
The aerodynamic force acting perpendicular to the relative wind vector is the lift 
force, and is proportional to the lift coefficient, the projection area, the atmospheric pressure, 
and the square of the relative velocity of the center of mass of the javelin referenced to the 
wind vector (Bertin, 2001) (Figure 2.5). The same variables that influence lift force also 
influence drag force. 
The aerodynamic force acting on the javelin can be considered to act at a center of 
pressure at a distance from the tip of the javelin. The center of pressure’s location depends on 
the angle of attack and flow of the air along the javelin (Bertin, 2001). The distance from the 
center of pressure to the javelin’s center of mass is the moment arm with which pitch and 
yaw moments can be calculated (Figure 2.5). 
The interaction of the release variables, properties of the javelin and environmental 
conditions have significant effects of the aerodynamic distance. Hubbard (1984) estimated 
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that the time of flight of a javelin was two and a half times greater in air than it would be in a 
vacuum, which is a considerable advantage when throwing for distance. The aerodynamic 
distance may be more important for throwers with high release speeds; those release speeds 
greater than the minimums necessary to throw over 80 meters and 60 meters for men and 
women, respectively (Bartlett, 1988). When these high release speeds can be achieved, the 
aerodynamic distance may become more important, because it is the most likely candidate 
for taking the athlete from the 80 meter or 60 meter threshold to world or Olympic medal 
level. 
The aerodynamic component of the flight of a javelin depends upon the magnitude 
and direction of the aerodynamic force, the center of pressure of this force, and the center of 
mass of the javelin (Hubbard, 1984). The aerodynamic force is determined in part by the 
release speed, the release angle, and the angle of attack (Hubbard, 1984). Researchers have 
shown that the lift force, the drag force, and the pitching moment are directly related to the 
square of the release speed, and to the angles of attack and release, through the projection 
area and the lift and drag coefficients (Best & Bartlett, 1988; Hubbard, 1984; Hubbard & 
Cheng, 2007; Hubbard & Rust, 1984a, 1984b). 
The aerodynamic force that acts on the javelin during flight has been investigated 
with the use of wind tunnel simulations (Best & Bartlett, 1988; Hubbard, 1984; Hubbard & 
Rust, 1984a; Terauds, 1974b), computer modeling simulations (Best & Bartlett, 1987; 
Hubbard & Rust, 1984a, 1984b; Soong, 1975, 1982; Terauds, 1978a), and estimated from 
kinematic studies of javelin throws (Bartlett, 1983; Best, et al., 1993; Gregor & Pink, 1985; 
Ikegami, Miura, Matsui, & Hashimoto, 1981; Komi & Mero, 1985; Kunz & Kaufman, 1980; 
Miller & Munro, 1983; Rich, Whiting, McCoy, & Gregor, 1985; Terauds, 1978b, 1983). 
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Optimal release parameters for throwing maximum distance were estimated from these 
studies. Many of these studies took place before the 1986 rule changes, however, and so the 
optimal release parameters and associated techniques with which to achieve them are no 
longer valid. The accuracy of the release variables reported in kinematic evaluations of 
javelin throwing technique is questionable. The errors arise from the data collection and 
reduction methodology, as well as from treating javelin throwing as a two-dimensional 
motion. The use of these reported release variables in subsequent computer simulations of the 
javelin throw, along with the assumptions made about unreported or immeasurable release 
conditions, mean any results must be interpreted with great care. 
The positive lift gained by a javelin has decreased slightly following the rule changes, 
where the center of mass was moved closer to the tip, mainly due to a decrease in the lift 
coefficient (Best & Bartlett, 1988). The hypothesis of Terauds (1985), that new rules javelins 
would have greater lift forces at a given angle of attack, therefore, was rejected. The 
implication of this is that it is not necessary for athletes to release the javelin with great 
positive angles of attack to gain lift. 
The new rules javelins consistently displayed forward pitching moments for positive 
angles of attack, while negative angles of attack reduced the magnitude of this pitching 
moment (Best & Bartlett, 1987, 1988). This was due to the aerodynamic force acting at a 
center of pressure behind the center of mass, and so both the lift force and the weight acted to 
point the nose downwards with a positive angle of attack (Hubbard, 1984). Since a positive 
angle of attack is require for positive lift, a minimal positive angle of attack should be strived 
for in order to minimize this downwards pitching moment. The center of pressure is 
principally determined by the projection area of the javelin (Ganslen, 1967; Terauds, 1974b). 
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This suggests that athletes should select the implements that have the best match to their 
release speed, release angle, and angle of attack, so that lift is maximized, and drag and the 
forward pitching moment are minimized. This requires the athlete to balance their release 
variables to achieve maximum release speed at optimal angles of release and attack, and 
selecting the correct javelin accordingly. 
The aerodynamics of the javelin have been considered mainly in the vertical plane, 
however, the horizontal and longitudinal motions may also affect flight distance (Duncan, 
Thom, & Young, 1985; Terauds, 1974b, 1985). The spin of the javelin about its longitudinal 
axis gives it gyroscopic stability, and may prevent excessive yaw moments (Bertin, 2001; 
Duncan, et al., 1985; Hay, 1993; Terauds, 1974b). The spin also interacts with the angle of 
sideslip and any side wind to generate Magnus force during flight (Hubbard, 1984). For a 
right handed thrower the javelin will tend to spin clockwise when viewed from behind along 
the longitudinal axis (Figure 2.6). This may be due partly to the pronation of the forearm 
athletes employ to throw over the midline of their body and partly to the fingers on the right 
hand edge of the javelin breaking contact last. A clockwise rotation coupled with air moving 
past the javelin from left to right, when viewed from behind, has the effect of increasing the 
relative speed of the air over the top of the javelin and decreasing the relative speed of the air 
under the bottom of the javelin. This creates a pressure differential from bottom to top, and 
hence an upwardly directed Magnus force (Figure 2.6). An opposite wind direction of right to 
left with a clockwise spin will generate a downwardly directed Magnus force. A wind 
direction of left to right may be achieved either from a natural side wind, or from an angle of 
sideslip where the release speed is directed more to the left than the javelin is oriented in the 
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horizontal plane. It may be beneficial, or at least not detrimental, for athletes to throw more 
towards the right hand sector line than towards the center of the sector. 
The mass of the javelin may make a small contribution to the official distance. A 
decrease in mass should allow the athlete to generate a greater release speed (Kunz, 1974; 
Toyoshima, Hoshikawa, Miyashita, & Oguri, 1974), which is the most important factor in 
throwing for distance. A decreased mass of the javelin has also been shown to increase the 
official distance by decreasing the drag to weight ratio (Best & Bartlett, 1988; Hubbard & 
Alaways, 1987). The potential increases in distance are small, less than one meter, however 
minimizing the mass of the javelin is optimal. 
The wind speed, direction, density, and humidity were all influential for aerodynamic 
flight (Best & Bartlett, 1988; Hubbard & Alaways, 1987; Townend, 1984; Ward-Smith, 
1986), however, these variables are not easy to measure and vary with flight time and height. 
The wind speed and direction, as noted earlier, is necessary to calculate the actual angle of 
attack, and the lift and drag coefficients. The wind direction is also influential on the Magnus 
force that affects the javelin during flight. Converse to events where aerodynamics is less 
influential, a decrease in air density through increased altitude or humidity, will decrease the 
aerodynamic distance of the javelin. Hubbard (1984) related a 20% air density reduction to a 
2% range reduction due to the decrease in lift during flight. However, no kinematic study of 
javelin throwing has included estimates of the wind velocity and direction, let alone other 
environmental factors. 
Factors That Affect the Lost Distance 
The athletes’ techniques determine the lost distance. The lost distance was defined as 
the distance that the javelin travelled, but the athlete did not get credit for (Hay & Yu, 1995) 
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(Figures 1.3 and 1.4). As such, any distance the javelin travelled while behind the foul line 
will not be credited to the official distance. This distance is related to the distance travelled 
by the tip of the javelin while behind the foul line, since the official distance is measured 
from the landing mark made by the tip to the inside of the foul line, and flat or tail first 
landings are classed as fouls (IAAF, 2011). Furthermore, any distance travelled by the javelin 
that is not along the line joining the point of landing and the focal point of the fan of the foul 
line will not be credited to the official distance (IAAF, 2011). For example, if the javelin is 
released at the extreme right hand edge of the runway, and lands at the extreme left hand 
edge of the sector, the javelin will have travelled further than will be given credit for, since 
the measurement will be made to a point further to the left of the foul line than the release 
point. 
The lost distance is the minor component of the official distance (Hay & Yu, 1995). It 
can be minimized by releasing as close to the foul line as possible without fouling, and by 
releasing closer to the middle of the runway. There are diminishing returns when attempting 
to decrease this distance, however, and an athlete is better served optimizing the release 
variables that affect both the vacuum flight distance and the aerodynamic distance. Both of 
the other partial distances are greater contributors to the official distance. 
 
The Influence of Technique on Javelin Throwing Performance 
Athletes’ techniques determine the release variables that govern performance. The 
release variables, in particular the release speed, determine the vacuum flight distance 
directly. The release variables, in conjunction with javelin and environmental parameters, 
determine the aerodynamic distance. Official distance, release speed, and aerodynamic 
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distance are the main performance measures of javelin throwing. Relating technique to 
performance, and suggesting technical changes that may improve performance are 
particularly important to coaches and athletes. This line of research provides coaches and 
athletes with objective insights into techniques that may directly assist them. Research into 
the technical aspects of javelin throwing can scientifically evaluate the techniques suggested 
in coaching literature, which have been designed to improve performance. Scientific studies 
on the technical aspects of javelin throwing are limited, though. 
Javelin throwing technique has been studied qualitatively and quantitatively. 
Qualitative studies, such as those by Babbitt (2001), Gorski (1981 & 2003), Salmenkyla 
(1984), Terauds (1983), and Witchey (1973), presented a coaches perspective on javelin 
throwing, but did not scientifically evaluate technique. Conclusions were drawn from 
personal interpretations of observations, but not from objective analysis. This practitioner 
written literature emphasized general body positions and estimated release variables, which 
were anecdotally linked to performance. Suggestions were made on where athletes should 
focus their training in order to achieve better results in competition. The usefulness of these 
studies is limited, therefore, because the methods and results are subjective and the 
conclusions may not be relevant. 
Quantitative research used biomechanical methods to investigate javelin throwing 
technique. Javelin throws were videoed and kinematic variables, such as distances, times, 
angles, and velocities, were calculated from the video images (Ariel, et al., 1980; Bartlett, 
1983; Best, et al., 1996; Best, Bartlett, & Morriss, 1993; Gregor & Pink, 1985; Ikegami, 
Miura, Matsui, & Hashimoto, 1981; Komi & Mero, 1985; Kunz & Kaufman, 1980; Morriss 
& Bartlett, 1996; Murakami et al., 2005; Red & Zogaib, 1977; Soong, 1982; Terauds, 1985). 
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The kinematic variables included temporal descriptions for different phases of the throw, 
mass center velocities of the javelin and limbs, momentum changes during the throwing 
procedure, joint angles recorded at critical events, and movement sequence time differences 
(Ariel, Pettito, Penny, & Terauds, 1980; Bartlett, 1983; Best, et al., 1993; Gregor & Pink, 
1985; Ikegami, et al., 1981; Komi & Mero, 1985; Kunz & Kaufman, 1980; Maximov, 1979; 
Morriss & Bartlett, 1996; Plagenhoef, 1971; Terauds, 1978b, 1983; Witchey, 1973). These 
studies have described movements made by javelin throwers in terms of two-dimensional 
(Ariel, et al., 1980; Kunz & Kaufman, 1980; Rich, et al., 1985; Salmenkyla, 1984; Terauds, 
1983; Witchey, 1973) and three-dimensional (Bartlett, 1983, 1988; Best, et al., 1996; Best, et 
al., 1993; Komi & Mero, 1985; Morriss & Bartlett, 1996; Red & Zogaib, 1977) kinematic 
variables. The relevance of using two-dimensional kinematic variables to describe a three-
dimensional skill is limited, because the calculations of those kinematic variables require 
assumptions that may not be valid. The primary assumption that was often violated was that 
the movement occurs parallel to the optical axis of the camera (Abdel-Aziz & Karara, 1971; 
Dapena, 1978; Shapiro, 1978). 
Kinetic analyses of javelin throwing are problematical because instrumentation of the 
runway is not often allowed or even possible, and it is difficult to obtain complete data sets. 
Deporte & van Gheluwe (1987) measured ground reaction forces for a group of Belgian 
throwers. They reported the maximum impact loads of the front and rear legs, but failed to 
reference these to performance. They did note, however, that the magnitude of the impact 
forces may be related to common lower extremity injuries suffered by javelin throwers. 
The technique variables chosen for analysis in biomechanical studies of the javelin 
have been related to release variables and distances via theoretical mathematical models, 
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with correlation analyses, or from matching techniques which have been successful for 
highly skilled throwers (Gregor & Pink, 1985; Komi & Mero, 1985; Kunz & Kaufman, 1980; 
Morriss & Bartlett, 1996; Terauds, 1978b, 1983). These studies were not hypothesis driven, 
however, so they described rather than evaluated technique. For example, the study by 
(Morriss & Bartlett, 1996) purported to review biomechanical factors critical for performance 
in the javelin throw. While the paper laid out theoretical relationships between the 
biomechanical factors and performance, no empirical evidence was supplied, so it is still 
unclear whether those biomechanical factors really are critical for performance or not. 
The results of previous javelin throwing studies contain limited usable information 
for practitioners. There is a lack of studies that scientifically and accurately investigate 
javelin throwing technique, and interpret results so that the findings are relevant and 
applicable to javelin throwers and their coaches. Three dimensional cross sectional and 
longitudinal studies are necessary to identify important elements of technique, those which 
most influence performance and injury risk. 
 
Injuries in Over-arm Throwing 
The aetiology of javelin throwing injuries is limited and lags behind other overarm 
throwing sports. An association between javelin throwing technique and injury propensity 
has been suggested (Morriss & Bartlett, 1996), but it was noted that much further research 
was necessary before firm statements concerning potential risk factors could be made. As 
discussed earlier, javelin throwing may be part of a generalized over-arm throwing motion 
along with American football, baseball, tennis, and volleyball. The motions of these activities 
may differ only in small ways (Atwater, 1979; Bunn, 1972; Wickstrom, 1975). It is possible, 
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therefore, that javelin throwing may share mechanisms of injury with other over-arm 
throwing sports (Atwater, 1979; Bunn, 1972; Wickstrom, 1975), and that they have common 
injury risk factors. Many male American javelin throwers have a baseball background, which 
supports the theory of a common generalized throwing motion pattern, and shared injury risk 
factors. This review of literature pertaining to javelin related injuries, therefore, will include 
discussion of injuries observed in similar over-arm throwing events, particularly baseball. 
Over-arm throwing technique has been show to exert significant musculoskeletal 
stress on multiple joints, particularly the shoulder and elbow used for throwing (Aguinaldo & 
Chambers, 2009; Andrews, Carson, & McLeod, 1985; Andrews & Fleisig, 1998; Dillman, 
Smutz, & Werner, 1991; Fleisig, et al., 1995; Hagberg, 1984; Werner, Gill, Murray, Cook, & 
Hawkins, 2001; Wilk, et al., 2000). These musculoskeletal stresses lead to acute and overuse 
shoulder and elbow injuries (Aguinaldo & Chambers, 2009; Andrews, Broussard, & Carson, 
1985; Andrews, Carson, et al., 1985; Andrews & Fleisig, 1998; Andrews, Kupferman, & 
Dillman, 1991; Bechler & Jobe, 1994; Boden, et al., 2000; Gerbino, 2003; Lyman & Fleisig, 
2005; Marshall, 2009; Portus, Mason, Elliott, Pfitzner, & Done, 2004; Safran & Graham, 
2002; Waris, 1946; Werner et al., 2007). These injuries included tears or ruptures of the ulnar 
collateral ligament (Dillman, et al., 1991; Escamilla et al., 2007; Fleisig, et al., 1995; 
Limpisvasti, et al., 2007; Petty, Andrews, Fleisig, & Cain, 2004a), SLAP lesions, which are 
tears of the superior labrum from anterior to posterior (Andrews, Carson, et al., 1985; 
Andrews, et al., 1991; Maffet, Gartsman, & Moseley, 1995; Snyder, Karzel, Del Pizzo, 
Ferkel, & Friedman, 1990), displacements of the humerus in the glenoid fossa of the scapula, 
which is termed shoulder dislocation for full displacement of the humerus out of the glenoid 
fossa and shoulder subluxation for partial displacement  (Dillman, Fleisig, & Andrews, 1993; 
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Meister, 2000a; Warren, 1983; Werner, et al., 2001; Werner, et al., 2007), shoulder 
impingement and rotator cuff tears (Andrews, Broussard, et al., 1985; Bechler & Jobe, 1994; 
Limpisvasti, et al., 2007), and damage to the humerus bone (Limpisvasti, et al., 2007; 
Meister, 2000a). These injuries have all been sustained by javelin throwers according to data 
self-reported by the athletes directly to the author. 
The possible causes of these over-arm throwing related injuries have been examined 
in terms of the kinematic, kinetic and musculoskeletal factors. Factors such as fatigue 
(Escamilla et al., 2007; Fleisig, Andrews, Dillman, & Escamilla, 1995), muscular imbalance 
(Fleisig, et al., 1995), extreme joint forces and moments (Fleisig, et al., 1995; Werner, Jones, 
Guido, & Brunet, 2006), and improper sequencing of the throwing motion (J. R. Andrews & 
Fleisig, 1998; Fleisig, et al., 1995; Gerbino, 2003; Williams, 1989) have been qualitatively or 
anecdotally related to injury risk. 
An ulnar collateral ligament (UCL) tear was first noticed in javelin throwers, with 12 
of 17 world class javelin throwers exhibiting elbow problems in 1946 (Waris, 1946). The 
UCL tears caused significant disability to the throwers, specifically medial elbow pain and 
ulnar nerve paresthesias. Throwers noticed a significant decrease in velocity and control 
(D.H. Petty, J.R. Andrews, G.S. Fleisig, & E.L. Cain, 2004). Following the UCL tear, the 
throwers opted for non-operative or operative treatment. Non-operative treatment prohibited 
throwing for two to three months, whereas surgery was expensive and included the risk of 
ulnar nerve damage (Gerbino, 2003; D.H. Petty, et al., 2004). A UCL tear is a potentially 
career threatening for any over-arm thrower. 
A review by Petty et al (2004) saw a dramatic increase in baseball players requiring 
UCL surgery, with a 50% increase in the proportion of surgeries performed on high school 
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players. Between 1988 and 1994, UCL reconstruction was performed on 85 baseball players, 
of who 8% were high school players. Between 1995 and mid-2003, however, UCL 
reconstruction was performed on 609, of who 13% were high school players. From this data, 
Petty et al (2004) suggested that the increased frequency of UCL injury in high school 
baseball players was due to an excessive amount of throwing, but did not suggest a specific 
injury mechanism. 
Great external elbow valgus torque is the direct cause of an ulnar collateral ligament 
tear (Dillman, et al., 1991; Fleisig, et al., 1995). The force associated with external elbow 
valgus torque tends to push the forearm away from the body and separate the medial 
epicondyle of the humerus from the coronoid process of the ulna. This force is responsible 
for the tensile stress that results in strain of the UCL, because the UCL connects these bony 
prominences. The ulnar collateral ligament has been shown to act to resist external elbow 
valgus torque by providing internal elbow varus torque (Morrey & An, 1983). Great external 
elbow valgus torque may be caused by an extended elbow position during a period of high 
velocity internal rotation of the humerus. This position may increase the external elbow 
valgus torque by significantly increasing the moment of inertia of the throwing upper 
extremity, which results in inertial lag of the forearm behind the upper-arm as it internally 
rotates (Dillman, et al., 1991; Fleisig, et al., 1995). The extended elbow position may arise 
due to fatigue of the shoulder girdle musculature requiring greater activation of the triceps to 
maintain shoulder stability, which in turn leads to greater elbow extension, since the triceps 
are an elbow flexor (Escamilla, et al., 2007; Fleisig, et al., 1995). 
A failure to maintain lead of the pelvis over the trunk has also been suggested as a 
cause of great external elbow valgus torque (Aguinaldo, Buttermore, & Chambers, 2007; 
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Lyman & Fleisig, 2005). The failure to maintain lead of the pelvis over the upper trunk 
means that the shoulder and arm rather than the trunk rotator musculature must generate the 
torque necessary to throw at high speeds. This may cause the excessive fatigue of the 
shoulder musculature which leads to a compensatory extension of the throwing elbow as the 
tricep muscles contract to assist the shoulder stabilizers (Escamilla, et al., 2007; Fleisig, et 
al., 1995; Lyman & Fleisig, 2005). Andrews & Fleisig (1998) speculated that a short 
deceleration phase after the release may be the cause of a UCL injury, due to the higher 
elbow angular velocities observed after the release. A short deceleration phase alone is 
unlikely to be the primary risk factor, since great torque is not solely dependent on high 
angular velocity. An extended elbow during a period of high velocity internal rotation of the 
humerus (Dillman, et al., 1991; Escamilla, et al., 2007; Fleisig, et al., 1995) and a lead of the 
upper trunk over the pelvis (Lyman & Fleisig, 2005) are two positions associated with ulnar 
collateral ligament injury in over-arm throwing. Great internal elbow varus torque is related 
to ulnar collateral ligament injury. 
Shoulder impingement was a common injury observed in over-arm throwing athletes. 
This injury has been attributed to anterior glenohumeral instability, which arises due to the 
increasing range of motion demands of modern overarm sports (Bechler & Jobe, 1994). In an 
athletic population the impingement is between the posterior superior rotator cuff and the 
posterior labrum. If left untreated, the impingement symptoms will persist and the 
impingement will progress to a full tear of the rotator cuff or a lesion to the glenoid labrum. 
Lesions to the anterior superior glenoid labrum (SLAP lesions) were observed in 73 
baseball players, all of whom were undergoing arthroscopic examination (J.R. Andrews, 
Broussard, & Carson, 1985; J.R. Andrews, Carson, & McLeod, 1985), and the researchers 
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concluded that the injury was probably due to repetitive overuse. The incidence of this injury 
was estimated at 1.2 per 100,000 population per year (Safran & Graham, 2002). Rupture of 
the distal tendon may lead to a significant functional deficit with both a reduction of power 
and a decrease in range of movement of flexion at the elbow and supination of the forearm 
(Baker & Bierwagen, 1985). 
Extreme elbow flexion torque is a mechanism of injury for SLAP lesions and tears of 
the biceps tendon (Andrews, Carson, et al., 1985; Andrews, et al., 1991; Fleisig, et al., 1995; 
Maffet, et al., 1995; Snyder, et al., 1990). Concentric elbow flexion and eccentric elbow 
extension requires a forceful contraction of the biceps brachii, which is reflected in great 
internal elbow flexion torque. The tendon of the long head of the biceps tendon attaches to 
the supraglenoid tubercle of the scapula at the superior part of the glenoid labrum. A strong 
contraction of the biceps brachii may develop enough force to tear the glenoid labrum away 
from the bone (Andrews, Carson, et al., 1985; Fleisig, et al., 1995). Enough force may be 
developed, particularly during rapid eccentric elbow extension, to rupture the biceps tendon 
(Andrews, Carson, et al., 1985; Baker & Bierwagen, 1985; Safran & Graham, 2002). An 
extended elbow has a smaller range of motion for eccentric elbow extension to occur before 
maximum extension is reached. This shorter range of motion may require greater internal 
flexion torque to reduce the speed of extension before maximum extension is reached. An 
extended elbow during a period of high velocity extension of the elbow commonly occured 
during over-arm throwing, and was a position associated with SLAP lesions and biceps 
tendon injuries (Dillman, et al., 1991; Escamilla, et al., 2007; Fleisig, et al., 1995). Great 
internal elbow flexion torque is related to these injuries. 
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Great elbow joint resultant forces were associated with injuries to the elbow. A great 
joint resultant force is indicative of very high bone-on-bone contact forces. These contact 
forces are responsible for damage to the bone itself as fractures or lesions (Dunham, Takaki, 
Johnson, & Dunning, 2005). 
Anterior shear force at the shoulder was determined to be associated with shoulder 
subluxation and dislocation, because this was the force that caused the humerus to translate 
anteriorly out of the glenoid fossa, which is a common mechanism of shoulder subluxation 
(Andrews, Broussard, et al., 1985; Dillman, et al., 1993; Fleisig, et al., 1995; Meister, 2000a; 
Werner, et al., 2001; Werner, et al., 2007). Maximum shoulder and elbow joint distraction 
forces have been shown to occur at the release during overarm throwing activities (Werner, 
Gill, Murray, Cook, & Hawkins, 2001; Werner et al., 2007; Werner, Murray, Hawkins, & 
Gill, 2002), and values approaching 1.5 times bodyweight were correlated with shoulder 
injuries in baseball players (Werner, et al., 2001). A forward lean of the trunk before the 
release has been suggested as a risk factor for shoulder joint subluxation (Werner, et al., 
2001; Werner, et al., 2007). A backward tilt of the trunk allows for correct scapula setting to 
occur, and for the head of the humerus to center into the glenoid fossa (Dillman, et al., 1993; 
Feltner & Dapena, 1986; Meister, 2000a). Forward trunk tilt may increase the chance of 
shoulder joint subluxation or dislocation by placing the shoulder in an initially unstable 
location out of the center of the glenoid fossa. A forward tilt of the trunk before release was a 
position associated with shoulder subluxation or dislocation injuries in over-arm throwing 
(Werner, et al., 2001). Great shoulder anterior shear force is related to these injuries. 
Shoulder joint horizontal abduction and external rotation torques were also related to 
injuries of the glenoid labrum (Fleisig, et al., 1995). These torques may represent the head of 
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the humerus exerting great pressure on the glenoid labrum in a grinding motion. The glenoid 
labrum may be damaged as fibres are abraded during this grinding motion (Andrews & 
Fleisig, 1998; Feltner & Dapena, 1986; Fleisig, et al., 1995; Limpisvasti, et al., 2007). The 
muscles of the rotator cuff act to provide external rotation and horizontal abduction torque to 
counteract the internal rotation and horizontal adduction torque. This opposite torque tends to 
decelerate the motion of the arm and dissipate the high forces generated during the throwing 
motion. The rotator cuff muscles also act to maintain stability of the humerus in the glenoid 
fossa (Andrews, Broussard, et al., 1985; Bechler & Jobe, 1994). In addition to the association 
with glenoid labrum injuries, great external rotation and horizontal abduction torques may be 
related to rotator cuff injuries. Increased internal rotation and horizontal adduction torques 
require increased external rotation and horizontal abduction torques to be generated by the 
rotator cuff muscles, which may be so great as to cause an injury. 
Extreme shoulder joint resultant forces were associated with injuries to the shoulder. 
A great joint resultant force is indicative of very high bone-on-bone contact forces. These 
contact forces are responsible for damage to the bone itself in the form of humeral fractures 
or Hill-Sachs lesions (Abdelhady, 2010; Mitchell, Gray, & Robinson, 2008). A great 
shoulder joint resultant force may contribute to shoulder instability, because anterior shear 
force is a component of resultant force. 
Acromioclavicular (AC) joint injuries were common in athletes and active individuals 
(Alberta, Attrache, & Yocum, 2004), and the specific injuries range from minor sprains to 
fracture dislocations. Type I and II AC separations may develop osteoarthritis and/or 
osteolysis, which are secondary degenerative diseases following the initial trauma of the AC 
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joint separation. AC joint injuries have been attributed to repetitive high stress loads, and not 
to throwing activities per se. 
The run-up and abrupt stop in javelin throwing has been shown to place significant 
stresses on the lower extremities, similar to jump landing and cutting tasks (Boden, et al., 
2000; Lin et al., 2009). An extended knee during high impact landing has been shown to 
increase anterior cruciate ligament loading (Boden, et al., 2000; Lin, et al., 2009). The 
mechanism for injury is the landing generating a great external flexion torque, which is 
resisted by internal extension torque caused by contraction of the quadriceps. The strong 
contraction of the quadriceps with an extended knee causes anterior motion of the tibia, 
which loads the anterior cruciate ligament (Lin, et al., 2009). An extended knee during high 
impact landing is a position associated with injury. 
The scientific literature contains some numeric values of forces that are associated 
with damage to the tendons, bones, and ligaments of the shoulder and elbow. Dillman, et al. 
(1991) reported that approximately 40 Nm of elbow varus torque was required to cause an 
injury to the ulnar collateral ligament injury. In this study, evaluations were conducted of the 
strain of the UCLs of cadaver specimens. Elbow flexion angles were varied between 50° and 
100°, olecranon osteotomies were varied between 2 mm and 8mm, and external valgus 
torque was applied to the elbow joint of the cadaver. The resulting relationship between the 
measured strain of the UCL and the external valgus torque applied to the elbow was used to 
determine the external valgus torque that corresponded to the failure strain of the UCL. The 
results of this study were supported by the studies conducted by Park and Ahmad (2004) and 
Ahmad et al (2004) who used pressure sensitive film to determine changes in posterior-
medial olecranon contact pressure and area between UCL insufficient and intact cadavers. 
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The cadavers were loaded at different external valgus torques at different elbow flexion 
angles. They found an increase in posterior-medial olecranon contact pressure and a decrease 
in contact area in the UCL insufficient cadavers. These results suggest that the UCL bears 
some of the external valgus torque to maintain olecranon contact pressure and area. These 
differences were statistically significant at elbow flexion angles of 90° and less, which 
further supports the injury mechanism of an extended elbow as proposed by Dillman, et al. 
(1991). 
A similar cadaver study by Braun et al. (2010) reported that elbow flexion torques in 
excess of 75 Nm were related to glenoid labrum injuries. Dunham, et al. (2005) reported that 
1140 N of elbow joint resultant force and 1710 N of shoulder joint resultant force were 
thresholds for injury to the humerus bone for impact injury. 
Forces in excess of these values do not guarantee that their occurrence in a javelin 
thrower will result in an injury, but high forces in general are risk factors for fatigue and 
overuse injuries. These reported values are the result of cadaveric studies looking at the 
structure in isolation, whereas in real-life situations the surrounding structures of the joint 
would also take some of the applied load. The ability to withstand force is much greater in 
the tissues of a healthy athlete than a cadaveric specimen. The values in the literature are 
useful, because lesser forces and torques will probably not cause an acute injury to a javelin 
thrower. Normative values of the forces and torques that occur in the shoulder and elbow 
joints of competitive throwing athletes may provide valuable information about the relative 
risks of joint forces and torques to cause injuries to body tissues. 
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The Influence of Technique on Javelin Throwing Injuries 
There is no current scientific literature that relates javelin throwing technique to 
injuries sustained by javelin throwers. An investigation into the relationships between 
injuries and javelin throwing technique would provide basic information that would allow 
possible causes of javelin throwing injuries to be hypothesized. 
  
 CHAPTER III 
METHODS 
 
Subjects 
Injury Survey 
To determine the prevalence of injuries sustained by javelin throwers, an injury 
survey was conducted. Javelin throwers and javelin throwing coaches were contacted directly 
through email and indirectly through recruitment posts on track and field websites and 
forwarded emails from fellow competitors. The athletes and coaches were asked to respond 
to a questionnaire about any injuries themselves or the athletes they coached had sustained 
during their javelin throwing careers. All respondents replied directly to a secure email 
account designated specifically for the survey. The answers to the questions were transcribed 
into a spreadsheet, and the original email was then deleted. No names or other identifiers 
were recorded. Respondents to the study provided information about javelin throwers 
competitive at the NCAA, junior, and senior national level in the United States, and 
domestically and internationally competitive throwers from Europe and Australia. 
The contents of the questionnaire were designed to gather information about: The 
number of injuries sustained, counting each new injury as one occurrence. The nature of the 
injury sustained, as a description of the specific body tissue that was injured and the proposed 
mechanism of injury. The severity of the injury sustained, on a scale of training and 
competition time lost, and the number of healthcare professional visits for treatment of the 
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injury. The time the injury was sustained in years and months in relation to the start of the 
athlete's javelin throwing career. Whether the injury was sustained during competition, 
practice, or another activity. The respondents were also asked for the total length of their 
javelin throwing careers in years and months. 
Kinematic Analyses 
The longest legal trials by all 50 right-handed male and 40 right-handed female 
javelin throwers competing in qualifying and final rounds of the USA Track and Field 
National Outdoor Championships and Olympic Team Trials from 2007 to 2010, as well as 
the competitors in the 2008 UNC/Nike Elite Meet were included in the cross-sectional 
analyses performed in this dissertation. In addition, three male and three female throwers 
with at least 10 legal trials recorded for three-dimensional (3-D) videographic analysis in the 
above competitions were included in the longitudinal analyses performed in this dissertation. 
Body heights, body masses, gender, and age of the subjects were obtained from official 
biographies posted publicly on meet and competition websites. In the event that these data 
were not available, the average body mass of 75 Kg for females and 85 Kg for males and the 
average body height of 1.8 m for females and 1.9 m for males was used (Table 3.1). 
Participant inclusion in this dissertation was approved by the Institutional Review Board at 
The University of North Carolina at Chapel Hill. The video clips used for the kinematic 
analyses were collected on behalf of USA Track and Field and were publicly available. 
Subjects' identities were protected by using codes to de-identify the kinematic data with the 
video clip of the javelin thrower and the codes were used throughout data analyses. 
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Data Collection 
Two high definition digital video camcorders (cameras) were used to record 
cinematic images of all throwers’ performances at a sampling frequency of 59.94 frames per 
second. One of the cameras was placed behind and slightly to the left of the javelin runway, 
and the other camera was placed at the right side of the javelin throwing runway (Figure 3.1). 
Each camera was placed as far away as possible from the area in which the subject performed 
the delivery during the competition within the zoom power of each camera to have a required 
field of view. The field of view of each camcorder was the minimum space that allowed the 
athlete and the javelin to be completely recorded from at least ten frames before the right foot 
touchdown to start the entire final stride to at least four frames after the release of the javelin. 
The shutter speed was set at 1/1000 seconds for each camera with the auto focus function 
turned off after the camera was focused to a point 5 meters from the center of the throwing 
arch and 1.5 meters from the ground in the vertical plane that included the center line of the 
runway. 
Before and after each competition, a calibration frame (Peak Performance, 
Englewood, Colorado, USA) was placed on the runway and recorded using the same 
camcorder positioning and setup to calibrate camcorder positions and orientations. The 
calibration frame consisted of twenty-four control points with known coordinates in a 
calibration frame reference frame (Figure 3.2). Twenty-four points allows for acceptable 
accuracy for the Direct Linear Transformation procedure (Abdel-Aziz & Karara, 1971; Chen 
et al, 1994). The calibration frame covered a calibration volume of 2.5 m long × 2 m wide × 
2.5 m high above the javelin runway. The calibration frame was placed at three overlapping 
locations on the javelin runway to form an effective calibration volume of 5 m long × 2 m 
58 
wide × 2.5 m high above the surface of the javelin runway. The effective calibration volume 
covered the space in which the single support phase of the delivery stride and delivery phase 
occurred (Figure 3.3). Five markers were placed on the javelin runway at this time for 
establishing a global reference frame during data reduction. The markers were in the same 
location for every location of the calibration frame. The markers were used to establish the 
global reference frame in such a way that the X-axis pointed towards the throwing direction, 
the Y-axis pointed to the left side of the javelin throwers when they were facing the throwing 
direction, and the Z-axis pointed upwards. The locations of the markers were accurately 
measured with respect to the markings of the runway. The origin of the global reference 
frame was translated to the point that marked the center of the arc of the foul line, which is 8 
meters from the any point on the arc of the foul line, during data reduction to allow distances 
to be calculated relative to the foul line (Figure 3.3). 
Records were kept of the distance measured by the meet officials, the official 
distance, for every trial in the competition. In addition, general notes of the wind conditions 
for each competition were kept. These included ratings of wind strength according to the 
Beaufort scale, and approximate wind direction as judged by flags and trees movements in 
and around the arenas. 
Two-dimensional (2-D) coordinate data of throwers’ performances were obtained 
from the video clips of recordings made at the competitions. The high definition video clips 
from both camcorders for every trial of interest, and for the calibration frame and global 
reference markers specific to each meet, were manually digitized. Digitizing was performed 
by one trained and experienced researcher using the Motus videographic data acquisition 
system (Peak Performance Technology, Inc., Englewood, CO) with a 42-inch WUXGA 
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computer monitor. The interlaced high definition fields were separated and transformed into 
square pixels so each image was viewed with a resolution of 1920 x1080 (width x height). 
For each throwing trial, 21 critical body landmarks (Hay & Yu, 1995), the front of the 
grip of the javelin, and the tail and the tip of the javelin were manually digitized in each 
frame and for each camcorder view. Digitizing was performed for a minimum of ten frames 
before the right foot touchdown of the final delivery stride to a minimum of four frames after 
the release of the javelin. The frame numbers in which the events of: right foot touchdown, 
left foot touchdown, and the release of the javelin could clearly be visually identified from 
the footage of the trial were recorded, and partial frame numbers were included, where 
appropriate. 
The body landmarks that were digitized are: 1) the vertex of the head, 2) the midpoint 
of the chin-neck axis, 3) the suprasternal notch, 4) the right shoulder joint center, 5) the right 
elbow joint center, 6) the right wrist joint center, 7) the head of the 3rd right metacarpal 8) the 
left shoulder joint center, 9) the left elbow joint center, 10) the left wrist joint center, 11) the 
head of the 3rd left metacarpal, 12) the right hip joint center, 13) the right knee joint center, 
14) the right ankle joint center, 15) the right calcaneus, 16) the head of the 3rd right 
metatarsal, 17) the left hip joint center, 18) the left knee joint center, 19) the left ankle joint 
center, 20) the left calcaneus, and 21) the head of the 3rd left metatarsal (Figure 3.4). These 
body landmarks were easily identifiable for manual digitizing, and were referenced to key 
axes of limb segments for kinematic analyses. Only the feet and the trunk had the required 
minimum of three body landmarks to determine a plane for calculating three-dimensional 
segment angles or Euler angles. 
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For any landmark that was obscured in any frame, the best qualitative estimate of its 
position was digitized. This was judged from its preceding and subsequent locations by the 
digitizer. The right side of the javelin thrower and the javelin were never obscured due to the 
placement of the cameras. The 2-D landmark coordinates were manually conditioned to 
correct any poorly digitized 2-D coordinates. This was performed by looking at 2-D plots of 
the coordinate data for the entire trial and adjusting values that were clearly poorly digitized. 
This assessment was made visually. 
For the calibration data, every control point on the calibration frame was digitized for 
one frame taken from a clip of approximately five seconds in duration. This was repeated for 
all three locations of the calibration frame. The global reference frame markers were 
digitized in the subsequent frame for all three locations of the calibration frame. Neither the 
camcorders nor the global reference markers were moved while the calibration frame was 
placed in the three different locations. Therefore, the coordinates for the global reference 
frame markers were the same for all calibration frame positions. 
The Direct Linear Transformation (DLT) procedure (Abdel-Aziz & Karara, 1971) 
was used to obtain real-life three-dimensional (3-D) coordinates of the global reference 
markers, the body landmarks, and the javelin markers from the 2-D coordinates. The 2-D 
calibration frame coordinates were used to obtain 11 DLT parameters for each camcorder 
based on the relative locations and orientations of the camcorders and the calibration frame. 
The 2-D calibration coordinates were also used to estimate digitizing and calibration errors. 
The calibration errors were the difference between the known distances of the calibration 
frame’s control points and the distances calculated from the digitized points. The mean error 
was deemed acceptable if less than 10 mm. 
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The 2-D coordinate data was mathematically synchronized using a regression 
technique (Dapena, 1978; Hay & Yu, 1995). The critical events of right foot touchdown, left 
foot touchdown and release of the javelin were identified from each camcorder view for 
every trial. The identification was made qualitatively by visual inspection of the video clip. 
For a given trial, the field numbers matching the critical events for camcorder one on were 
marked along the x axis, and those for camcorder two on the y axis. The gradient of the line 
of best fit to these data points is equal to the sampling rate ratio, and since both camcorders 
operate at 59.94 fields per second, this ratio is equal to one. The gradient of the line of best 
fit, therefore, was set to be one. The intercept of the line of best fit is the synchronization 
parameter, i.e. the time offset between the camcorders and this parameter was used to 
synchronize the camcorders. To calculate a line of best fit multiple critical events must be 
used. This method is used, because the use of multiple fields for synchronizing reduces the 
error below one half of the sampling frequency. Commercial software uses a radio frequency 
signal to synchronize camera views, however, this signal is only present in a single field. The 
error associated with the radio signal method could be up to one half of the duration between 
two consecutive frames. The use of multiple fields for synchronizing camcorders is more 
accurate than using the method provided by commercial software. The synchronization 
method described by Yeadon & King (1999) was used for a few selected trials to compare 
the accuracy of the synchronization procedures and produced the same time offset. 
The real-life 3-D coordinates of the body landmarks and the grip, tip, and tail of the 
javelin were estimated from the synchronized, digitized 2-D coordinates, and the 11 DLT 
parameters of the two camcorders. The estimated real-life 3-D coordinates were filtered 
through a Butterworth low-pass digital filter at an estimated optimum cut-off frequency of 
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7.14 Hz (Yu & Andrews, 1998). The synchronization of the digitized 2-D coordinates, direct 
linear transformation of the digitized 2-D coordinates to real-life 3-D coordinates, and data 
smoothing were performed using MotionSoft version 7.0 computer program package for 
biomechanical data reduction (MotionSoft, Inc., Chapel Hill, NC). 
To address the concern that the camera sampling frequency was low, 10 trials were 
recorded, digitized, and transformed at 300 frames per second and again at 60 frames per 
second. This produced two datasets of the same 10 trials. One set with 3-D coordinate data 
with a sampling frequency of 300 Hz, and one set with 3-D coordinate data with a sampling 
frequency of 60 Hz. The dataset with a 60 Hz sampling frequency was upsampled to 300 Hz 
using linear interpolation. The dataset with a 60 Hz sampling frequency was also upsampled 
to 300 Hz using Shannon's sampling theorem (Hamill, Caldwell, and Derrick, 1997). These 
two new 300 Hz datasets were compared to the native 300 Hz dataset using the coefficient of 
multiple correlation (CMC) to determine differences due to sampling frequency. Differences 
between data upsampled to 300 Hz and data sampled natively at 300 Hz were less than 1% 
for both the linear interpolation method and the Shannon's sampling theorem method. The 
average CMC was 0.999. A sampling frequency of 59.94 frames per second was, therefore, 
deemed sufficient. 
 
Data Reduction 
Kinematic Release Variables 
The release variables of the release speed (and its component velocities), the release 
angle, the release height, the yaw angle, the javelin orientation angles, the angle of attack, the 
angle of sideslip were estimated from the 3-D coordinate data of the javelin at release. 
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The three orthogonal velocity components of the javelin at the time of release were 
estimated as: 
t
xxv iix
−
= +2
           (3) 
t
yyv iiy
−
= +2
           (4) 
t
gtzz
v
ii
z
2
2 2
1
+−
=
+
          (5) 
Where: vx , vy , and vz were the forward, lateral, and vertical velocities of the front of 
the grip of the javelin at release respectively; x, y, and z were the coordinates of the front of 
the grip of the javelin at release; i was the first frame in which the javelin left the hand; g is 
the acceleration due to gravity; and t was the time between frames i and i + 2. 
The horizontal and resultant velocities of the javelin were calculated as: 
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The magnitude of the resultant velocity of the front of the grip of the javelin at release will be 
referred to as the release speed. 
The release angle was estimated as: 
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The vertical coordinate of the front of the grip of the javelin at the point of release, zi , was 
used as an estimate of the release height. 
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The yaw angle was estimated as: 






=
x
y
v
v
arctanφ            (9) 
A javelin reference frame was established in each frame so that the javelin x axis 
pointed from the front of the grip of the javelin to the tip of the javelin, the javelin y axis was 
perpendicular to the javelin x axis and parallel to the XY plane of the global reference frame, 
and the javelin z axis was to perpendicular the xy plane of the javelin reference frame (R. J. 
Best, et al., 1993) (Figure 3.5). The javelin inclination angle was estimated as the angle 
between the javelin x axis and the projection of the global X axis onto the xz plane of the 
javelin axis system (Figure 3.5). The javelin direction angle was estimated as the angle 
between the javelin x axis and the projection of the global X axis onto the xy plane of the 
javelin axis system (Figure 3.5). The angle of attack was estimated as the difference between 
the release angle and the javelin inclination angle (Figure 3.6). The angle of sideslip was 
estimated as the difference between the yaw angle and the javelin direction angle (Figure 
3.7). 
The official distance is the distance recorded by the meet officials. The official 
distance (dO) can be expressed as a function of three partial distances: the lost distance dL, 
the vacuum flight distance dF, and the aerodynamic distance dA: 
dO = dF + dA - dL           (1) 
Furthermore, a flight distance (dFL) can be expressed as a function of the vacuum flight 
distance dF, and the aerodynamic distance dA: 
dFL = dF + dA (10) 
Therefore, the three the partial distances were estimated from the official distance and 
the release variables as described by (Hay & Yu, 1995). 
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The vacuum flight distance was calculated as: 
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Where dF = vacuum flight distance, vr = release speed, θ = angle of release, g = constant 
acceleration due to gravity, and zi = the vertical coordinate of the front of the grip of the 
javelin at the point of release. 
The flight distance is the sum of the vacuum flight distance and the aerodynamic 
distance. The flight distance is found from the known coordinates of the front of the grip of 
the javelin at release and the point of landing. 
The point of landing can be estimated by calculating the coordinates of the 
intersection of (1) a straight line that passes through the coordinates of the front of the grip of 
the javelin at release and extends in the direction of the horizontal resultant velocity (vH) and 
(2) the arc of a circle whose center coincides with the center of the circle used to describe the 
foul line arc, and whose radius is equal to the official distance plus eight meters. The flight 
distance can then be calculated from the coordinates of the point of release and landing. The 
aerodynamic distance (dA), therefore, is found when the vacuum flight distance is subtracted 
from the flight distance. The distance lost at release (dL) is found by subtracting the flight 
distance from the official distance. 
Kinematic Technique Variables 
The critical events of right foot touchdown, left foot touchdown, and release were 
used as time points at which to reduce key kinematic variables to allow valid and meaningful 
comparisons to be made between athletes and other studies. These critical events divide the 
javelin throw into two phases: the single support phase, which is the time between right foot 
down and left foot down, and the double support (or delivery) phase, which is the time 
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between left foot down and release. The throwing procedure time is the time from right foot 
down to release (Figure 3.8). The absolute and relative times for the throwing procedure, the 
single support phase, and the delivery phase were calculated from the sampling rate of the 
camcorders and critical events noted for each trial. These phase times allowed momentum 
and impulse changes to be tracked, as well as examinations of the rhythm of the throw. 
The shoulder joint angles were calculated as Euler angles of the upper arm reference 
frame relative to an upper trunk reference frame in an order of rotation of (1) horizontal 
adduction-abduction, (2) adduction-abduction, and (3) internal-external rotation. The upper 
trunk reference frame was established using the 3-D coordinates of the right and left shoulder 
joint centers and the right hip joint center in such a way that the x-axis pointed towards the 
thrower’s right side and was the internal-external rotation axis, the y-axis pointed towards the 
thrower’s anterior direction and was the adduction-abduction axis, and the z-axis pointed 
towards the superior direction and was the horizontal adduction-abduction axis (Figure 3.9). 
The upper arm reference frame was established using the 3-D coordinates of the right 
shoulder joint center, the right elbow joint center, and the right wrist joint center in such a 
way that the x-axis pointed from the right shoulder joint center towards the right elbow joint 
center and was the internal-external rotation axis, the y-axis pointed towards the anterior 
direction perpendicular from a plane formed by the upper arm and forearm and was the 
adduction-abduction axis, and the z-axis pointed towards the superior direction and was the 
horizontal adduction-abduction axis (Figure 3.10). 
The right hip joint angles were calculated as Euler angles of the thigh reference frame 
relative to a lower trunk reference frame in an order of rotation of (1) flexion-extension, (2) 
adduction-abduction, and (3) internal-external rotation. The lower trunk reference frame was 
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established using the 3-D coordinates of the right and left hip joint centers and the right 
shoulder joint center in such a way that the x-axis pointed towards the superior direction and 
was the internal-external rotation axis, the y-axis pointed towards the thrower’s anterior 
direction and was the adduction-abduction axis, and the z-axis pointed towards the thrower’s 
right side and was the flexion-extension rotation axis (Figure 3.11). 
The right thigh reference frame was established using the 3-D coordinates of the right 
and left hip joint centers, the right knee joint center, and the right ankle joint center in such a 
way that the x-axis pointed from the right knee joint center towards the right hip joint center 
and was the internal-external rotation axis, the y-axis pointed towards the anterior direction 
perpendicular from a plane formed by the right thigh and the lower trunk and was the 
adduction-abduction axis, and the z-axis pointed towards the thrower’s right side 
perpendicular from a plane formed by the thigh and the shank and was the flexion-extension 
axis (Figure 3.12). 
The left hip joint angles were defined in a similar way to the right hip joint angles, 
however, the direction of the vectors defining the axes were defined in such a way that a 
positive rotation would be interpreted the same for the left hip as for the right hip. A positive 
rotation about the x-axis was internal rotation for the left and right hip joints, a positive 
rotation about the y-axis was adduction for the left and right hip joints, and a positive rotation 
about the z-axis was flexion for the left and right hip joints. 
The trunk rotation angles were calculated as Euler angles of the trunk reference frame 
relative to the ground reference frame in an order of (1) anterior-posterior flexion-extension 
called Trunk Tilt, (2) left-right lateral flexion called Trunk Lean, and (3) left-right rotation 
called Trunk Twist (Figure 3.13). The trunk reference frame was established at each sample 
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point using the 3-D coordinates of the right and left hip joint centers and the right and left 
shoulder joint centers measured in the global reference frame. The ground reference frame 
(iG , jG , kG) was defined as: 
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Where xh,r, yh,r, xh,l, and yh,l, are the x and y coordinates of the right hip and the x and y 
coordinates of the left hip, respectively, and i, j, and k are the unit vectors of the x, y, and z 
axes of the global reference frame. 
The trunk reference frame (iT , jT , kT) was defined as: 
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Where xh,r, yh,r, and zh,r; xh,l, yh,l, and zh,l; xs,r, ys,r, and zs,r; and xs,l, ys,l, and zs,l are the 3-D 
coordinates of the right hip, left hip, right shoulder, and left shoulder respectively, and iT , jT 
, and kT are the unit vectors of the axes about which the rotations of trunk lateral flexion, 
flexion-extension, and left-right rotation, respectively, are assumed to be made (Figure 3.14). 
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A trunk reference frame was established at each critical instant, in which to calculate 
the hip-shoulder separation angle. The trunk reference frame was established in such a way 
that the x-axis was pointing toward the thrower’s anterior direction relative to the line joining 
their hip joint centres, the y-axis was pointing from their right hip joint centre to their left hip 
joint centre, and the z-axis was pointing toward the superior direction from the midpoint of 
the right and left hips to the midpoint of the right and left shoulders. The 3-D coordinates of 
the right and left hips and the right and left shoulders in the global reference frame were 
transferred to the trunk reference frame using a directional cosine matrix at each critical 
instant. The hip-shoulder separation angle (HSS) was calculated as: 
𝐻𝑆𝑆 = 𝑎𝑟𝑐𝑐𝑜𝑠 � 𝑣𝑠•𝑣ℎ
⃒𝑣𝑠⃒⃒𝑣ℎ⃒
�                        (18) 
Where vh , and vs are location vectors of the right hip relative to the left hip, and the right 
shoulder relative to the left shoulder, respectively, in the xy plane of the trunk reference 
frame. The value of HSS was positive if the vector product of vs and vh was pointing toward 
the superior direction, which meant that the right hip was leading the right shoulder. The 
value of HSS was negative if the vector product of vs and vh was pointing toward the inferior 
direction, which meant that the right shoulder was leading the right hip (Figure 3.15). 
The elbow joint angles, wrist joint angles, knee joint angles, and ankle joint angles 
were estimated as the angles between the longitudinal axes of the proximal and distal 
segments for those joints. For the elbow joint, the proximal and distal segments were the 
upper arm and the forearm, respectively. The longitudinal axis of the upper arm was 
represented by the line joining the shoulder joint center and the elbow joint center. The 
longitudinal axis of the forearm was represented by the line joining the elbow joint center 
and the wrist joint center. The elbow joint angle, therefore, was defined as the dot product of 
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the vector pointing from the shoulder joint center to the elbow joint center and the vector 
pointing from the elbow joint center to the wrist joint (Figure 3.16). 
For the wrist joint, the proximal and distal segments were the forearm and the hand, 
respectively. The longitudinal axis of the forearm was represented by the line joining the 
elbow joint center and the wrist joint center. The longitudinal axis of the hand was 
represented by the line joining the wrist joint center and the head of the third metacarpal. The 
wrist joint angle, therefore, was defined as the dot product of the vector pointing from the 
elbow joint center to the wrist joint center and the vector pointing from the wrist joint center 
to the head of the third metacarpal (Figure 3.16). 
For the knee joint, the proximal and distal segments were the thigh and the shank, 
respectively. The longitudinal axis of the thigh was represented by the line joining the hip 
joint center and the knee joint center. The longitudinal axis of the shank was represented by 
the line joining the knee joint center and the ankle joint center. The knee joint angle, 
therefore, was defined as the dot product of the vector pointing from the hip joint center to 
the knee joint center and the vector pointing from the knee joint center to the ankle joint 
center (Figure 3.17). 
For the ankle joint, the proximal and distal segments were the shank and the foot, 
respectively. The longitudinal axis of the shank was represented by the line joining the knee 
joint center and the ankle joint center. The longitudinal axis of the foot was represented by 
the line joining the calcaneous and the head of the third metatarsal. The ankle joint angle, 
therefore, was defined as the dot product of the vector pointing from the knee joint center to 
the ankle joint center and the vector pointing from the calcaneous to the head of the third 
metatarsal. 
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The reduction of these joint angles allowed relationships between joint angular timing 
or range of motion and the release variables and the official and partial distances to be 
investigated. The reduction of these joint angles also allowed relationships between joint 
angular position or range of motion and joint torques and forces to be investigated. The 
reduction of these joint angles further allowed specific body positions to be investigated and 
reported. 
To determine the relative timing of the shoulder, elbow, wrist, hip, knee, and ankle 
joint motions and trunk rotations, each trial was normalized to 100 time points between the 
critical events of right foot touchdown and the release. The times of right foot touchdown and 
release were determined by visual inspection. The relative time of occurrence was found for 
the following timing variables: (1) pelvis right to left rotation, this was determined at the first 
time point of a positive left-right rotation equal to or greater than one degree when compared 
to the preceding time point. (2) Shoulder rotation relative to the pelvis, this was determined 
at the first time point of a decrease in hip-shoulder separation angle of equal to or greater 
than one degree when compared to the preceding time point. (3) Shoulder horizontal 
adduction, this was determined at the first time point of an increase in the right shoulder 
horizontal adduction angle of equal to or greater than one degree when compared to the 
preceding time point. (4) Shoulder abduction, this was determined at the first time point of an 
increase in the right shoulder abduction of equal to or greater than one degree when 
compared to the preceding time point. (5) Shoulder internal rotation, this was determined at 
the first time point of an increase in the right shoulder internal rotation of equal to or greater 
than one degree when compared to the preceding time point. (6) Elbow extension, this was 
determined at the first time point of an increase in the right elbow extension of equal to or 
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greater than one degree when compared to the preceding time point. (7) Wrist flexion, this 
was determined at the first time point of an increase in the right wrist flexion of equal to or 
greater than one degree when compared to the preceding time point. (8) Right hip internal 
rotation, this was determined at the first time point of an increase in the right hip internal 
rotation of equal to or greater than one degree when compared to the preceding time point. 
(9) Right hip flexion, this was determined at the first time point of an increase in the right hip 
flexion of equal to or greater than one degree when compared to the preceding time point. 
(10) Right knee extension, this was determined at the first time point of an increase in the 
right knee extension of equal to or greater than one degree when compared to the preceding 
time point. (11) Right ankle plantar flexion, this was determined at the first time point of an 
increase in the right ankle plantar flexion of equal to or greater than one degree when 
compared to the preceding time point. (12) Left hip internal rotation, this was determined at 
the first time point of an increase in the left hip internal rotation of equal to or greater than 
one degree when compared to the preceding time point. (13) Left hip flexion, this was 
determined at the first time point of an increase in the left hip flexion of equal to or greater 
than one degree when compared to the preceding time point. (14) Left knee extension, this 
was determined at the first time point of an increase in the left knee extension of equal to or 
greater than one degree when compared to the preceding time point. (15) Left ankle plantar 
flexion, this was determined at the first time point of an increase in the left ankle plantar 
flexion of equal to or greater than one degree when compared to the preceding time point. 
Kinetic Variables 
The shoulder and elbow joint torques and forces were calculated using an inverse 
dynamic approach similar to the methods used by (Feltner & Dapena, 1986). The throwing 
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arm was considered a four-link rigid segment model with frictionless pin-joints. The most 
distal link was the javelin, the link proximal to the javelin was the hand, the link proximal to 
the hand was the forearm, and the link proximal to the forearm was the upper arm. Cadaveric 
data were used to estimate the mass, center of mass location, and moment of inertia of each 
body segment for every athlete (Dempster, 1955). The masses and center of mass locations 
for the two types of 0.6 Kg javelin used by the women in competition, and the two types of 
0.8 Kg javelin used by elite men in competition were determined experimentally using IAAF 
approved measuring tools available at the University of North Carolina at Chapel Hill. The 
moments of inertia for the javelins were determined experimentally using the pendulum 
method (Alt, 1940). 
Two forces were considered to act on the javelin segment: (1) the gravitational force 
acting at the center of mass of the javelin, and (2) a force exerted by the hand on the javelin 
at the center of mass of the javelin. These were calculated in the global reference frame 
instantaneously throughout the throwing procedure. The net force acting on the javelin was 
estimated from the three-dimensional linear acceleration of the javelin, which was calculated 
as the second derivative of the coordinate data of the center of mass of the javelin with 
respect to time, and the mass of the javelin. The gravitational force was estimated from the 
mass of the javelin and acceleration due to gravity. The force exerted by the hand on the 
javelin was calculated as the difference between the net force acting on the javelin and the 
gravitational force acting on the javelin. A torque applied to the javelin by the hand of the 
javelin thrower was considered to act on the javelin segment. The torque acting on the javelin 
was calculated instantaneously in the global reference frame from the moment of inertia of 
the javelin about its center of mass, and the angular acceleration of the javelin segment. The 
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angular acceleration of the javelin segment was calculated as the second derivative of the 
angular motion of the javelin with respect to time. The angular motion of the javelin was 
estimated as the angles between the global reference frame and the projections of the javelin 
reference frame onto the planes of the global reference frame with no rotation about the x 
axis of the javelin (Figure 3.5). 
Joint forces and torques at the wrist, elbow, and shoulder were estimated using an 
inverse dynamic procedure (Greenwood, 1987) and calculated in the global reference frame. 
The estimated joint resultant forces and torques were transferred to corresponding segment 
reference frames to make them anatomically relevant. The net force at the shoulder joint was 
transferred to an upper arm reference frame, which was established using the 3-D coordinates 
of the right hip joint center, the right shoulder joint center, and the right elbow joint center in 
such a way that the x-axis pointed from the right shoulder joint center towards the right 
elbow joint center and was the internal-external rotation axis, the z-axis pointed towards the 
superior direction from the right hip joint center to the right shoulder joint center and was the 
horizontal adduction-abduction axis, and the y-axis was the cross product of the x-axis and 
the z-axis and pointed towards the anterior direction. The shoulder internal-external rotation 
torque was the component of the net shoulder joint torque acting about the x-axis. The 
shoulder horizontal abduction-adduction torque was the component of the net shoulder joint 
torque acting about the z-axis. The shoulder joint anterior shear force was the component of 
the net shoulder joint force that acted along the y-axis of the upper arm reference frame 
(Figure 3.10). The net force at the elbow was transferred to an elbow reference frame, which 
was established using the 3-D coordinates of the right shoulder joint center, the right elbow 
joint center, and the right wrist joint center in such a way that the x-axis pointed from the 
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right elbow joint center towards the right wrist joint center and was the pronation-supination 
rotation axis, the y-axis pointed towards the anterior direction perpendicular from a plane 
formed by the x-axis and an axis pointing from the shoulder joint center to the elbow joint 
center and was the flexion-extension axis, and the z-axis was the cross product of the x-axis 
and the y-axis and pointed towards the superior direction and was the valgus-varus axis. The 
elbow valgus-varus torque was the component of the net elbow joint torque acting about the 
z-axis. The elbow flexion torque was the component of the net elbow joint torque acting 
about the y-axis (Figure 3.16). The inverse dynamic procedure was performed using the 
MotionSoft version 7.0 computer program package for biomechanical data reduction. 
(MotionSoft, Inc., Chapel Hill, NC). 
 
Data Analysis 
For all statistical analyses, male and female throwers were analyzed separately 
considering possible gender differences in techniques and strength. An a priori, type I error 
rate of α = 0.05 was chosen to indicate statistical significance. All statistical analyses were 
performed with SPSS version 15 and AMOS version 5 statistical software (SPSS Inc., 
Chicago, IL.). All statistical analyses should be looked upon as exploratory. Conclusions 
drawn in this dissertation are open to other interpretations. 
To assess for inter-digitizer reliability, five trials were selected completely at random 
to have their 3-D coordinates estimated using the DLT procedure, and all technical 
parameters reduced by a different digitizers. To assess for intra-digitizer reliability, five trials 
were selected completely at random to have their 3-D coordinates estimated using the DLT 
procedure, and all technical parameters reduced by the same digitizer for a second time. 
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Reliability was assessed by computing mean absolute and mean relative errors in each of the 
technique variables, and then qualitatively inspecting the mean absolute and mean relative 
errors between every variable reduced by the different digitizers. The mean absolute error for 
each of the variables was defined as the absolute errors between the two values of each 
technical parameter reduced by the two digitizers for the same trial averaged over all five 
trials. The mean relative error was defined as the absolute errors between the two values of 
each technical parameter reduced by the two digitizers for the same trial, divided by the mean 
value for that technical parameter averaged over all five trials. 
The entire dataset was screened for the presence of outliers and to check the 
assumptions of univariate normality and homogeneity of variance were not violated. The 
presence of outliers was checked by qualitatively comparing the extreme values of any 
variable. Any case with a value significantly greater or smaller than the next closest value 
was considered a possible outlier requiring further inspection for either no action, recoding, 
or exclusion from the dataset. Each case’s Mahalanobis distance on a combination of all n 
variables was compared with a criterion value of χ2(0.001, n). A chi square distribution most 
accurately models a multivariate distribution with degrees of freedom equal to the number of 
dependent variables (Tabachnick & Fidell, 2001). Values greater than the criterion were 
considered for recoding or removal from the dataset. The univariate normality of each 
variable was checked by inspecting its standard deviation, skewness, and kurtosis. A 
distribution was considered significantly skewed if the value of skewness divided by its 
standard error was greater than +3 (Howell, 2004). A distribution was considered 
significantly leptokurtic if the value of its kurtosis divided by its standard error was greater 
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than +3, and significantly platykurtic if its kurtosis divided by its standard error was less than 
-3 (Howell, 2004). 
Significant violations of the assumption of normally distributed data were found 
during data screening. The variables in this sample of javelin throwers exhibited great 
skewness and kurtosis. Results obtained using standard statistical procedures performed on 
these data would have been biased and misleading, therefore, a re-sampling approach was 
utilized. In the traditional approach to statistical analyses, assumptions about the 
characteristics of the population from which the sample is drawn are made, such as normal 
distribution. These assumptions in conjunction with random sampling are used to calculate 
statistics for the sample, which are then generalized to the population (Fox, 2002). In the re-
sampling approach, no assumptions about the characteristics of the population are made. 
Instead, the sample is treated as an estimate of the population, and many iterations of re-
sampling are conducted to obtain reasonable estimates of the characteristics of the population 
(Davison & Hinkley, 1997). For this dissertation, the sample was the javelin throwers 
included in the kinematic analyses, and the population was all javelin throwers. Reasonable 
estimates of the characteristics of the population of all javelin throwers were obtained by 
randomly sampling the javelin throwers included in the kinematic analyses with replacement 
1,000 times. The kinematic variables had a temporal relationship, because measurements 
were made at consecutive critical instants within a trial. A Gaussian process regression 
bootstrap was used, therefore, to allow the temporal relationship between the variables to be 
accounted for (Kirk & Stump, 2009). The number of samples in the new datasets were the 
same as the number of samples in the original sample. The estimate of the population mean 
was calculated as the mean of the 1,000 new datasets. The estimate of the population 
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variance was calculated as the variance of the 1,000 new datasets. Statistical analyses were 
conducted using these estimates of the population mean and variance and the mean and 
variance of the original sample (Efron and Tibshirani, 1986). 
With a sample size of 50 athletes, three independent variables per multiple regression 
preserves the suggestion of 10 samples per independent variable plus 10 (Howell, 2004). 
Commonality analyses were performed on each multiple regression model to determine 
whether the variation in dependent variable accounted for by each kinematic variable was 
unique, and to identify incidents of multi-colinearity. It has been suggested that multi-
colinearity may be considered problematical with bivariate correlations of r = 0.3 or higher 
between independent variables (Meyers, Gamst, & Guarino, 2006; Tacq, 1997). 
Hypothesis Testing 
Hypothesis 1: Cross-sectional Pearson correlation analyses were performed to 
determine the relationship between the joint and segment timing variables, and the 
performance measures of the official distance, the release speed, and the aerodynamic 
distance. The best trial of every male and every female javelin thrower was included. 
Longitudinal Pearson correlation analyses were performed to determine the 
relationship between the joint and segment timing variables, and the performance measures 
of the official distance, the release speed, and the aerodynamic distance. Every trial of the 
male and female javelin throwers with at least 10 trials available for analysis was included. 
Cross-sectional multiple regression analyses were performed to determine the 
relationships between the joint and segment timing variables and the official distance; 
between the joint and segment timing variables and the release speed; and between the joint 
and segment timing variables and the aerodynamic distance. The best trial of every male and 
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every female javelin thrower was included. The independent variables were entered in a 
stepwise fashion with a p value of 0.05 for inclusion. A maximum of three independent 
variables were included into each multiple regression as justified above. 
Hypothesis 2: Cross-sectional Pearson correlation analyses were performed to 
determine the relationship between the motions of the shoulder, elbow, wrist, hip, knee, and 
ankle joints, and the trunk, and the performance measures of the official distance, the 
aerodynamic distance, and the release speed. The best trial of every male and every female 
javelin thrower was included. 
Longitudinal Pearson correlation analyses were performed to determine the 
relationship between the motions of the shoulder, elbow, wrist, hip, knee, and ankle joints, 
and the trunk, and the performance measures of the official distance, the release speed, and 
the aerodynamic distance. Every trial of the male and female javelin throwers with at least 10 
trials available for analysis was included. 
Cross-sectional multiple regression analyses were performed to determine the 
relationships between the motions of the shoulder, elbow, wrist, hip, knee, and ankle joints, 
and the trunk, and the performance measures of the official distance, the release speed, and 
the aerodynamic distance. The best trial of every male and every female javelin thrower was 
included. The independent variables were entered in a stepwise fashion with a p value of 0.05 
for inclusion. A maximum of three independent variables were included into each multiple 
regression as justified above. 
Hypothesis 3: The positions noted as putting over-arm throwing athletes at risk for 
injury in the literature: a right elbow flexion angle of 50 degrees or less at left foot down, a 
negative hip-shoulder separation before the release, a forward trunk tilt before the release, 
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and a left knee flexion angle of 160 degrees or greater at left foot down were qualitatively 
compared to the technique variables for the best trial of every male and every female javelin 
thrower. The proportion of throwers who achieved those positions was identified. 
Hypothesis 4: Two Student's T tests were performed to determine whether the the 
average maximum right elbow varus torque, the average maximum right elbow flexion 
torque, the average maximum right shoulder external rotation torque, the average maximum 
right shoulder horizontal abduction torque, the average maximum right elbow joint resultant 
force, the average maximum shoulder joint resultant force, and the average maximum 
shoulder joint anterior shear force were significantly different from zero and significantly 
different to the threshold values described in the scientific literature. 
Hypothesis 5: Cross-sectional Pearson correlation analyses were performed to 
determine the relationship between the joint and segment timing variables, and the average 
maximum right elbow varus torque, the average maximum right elbow flexion torque, the 
average maximum right shoulder external rotation torque, the average maximum right 
shoulder horizontal abduction torque, the average maximum right elbow joint resultant force, 
the average maximum right shoulder joint resultant force, and the average maximum right 
shoulder joint anterior shear force. The best trial of every male and every female javelin 
thrower was included. 
Hypothesis 6: One-way analyses of variance (ANOVA) were performed to determine 
differences in the joint and segment timing variables between athletes who had sustained a 
previous injury and athletes who had not sustained a previous injury. Athletes were grouped 
according to injury location of shoulder, elbow, trunk, groin, knee, and ankle injury. Each 
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grouping and ANOVA was completed separately. The best trial of every male and every 
female javelin thrower was included. 
Hypothesis 7: Cross-sectional Pearson correlation analyses were performed to 
determine the relationship between the motions of the shoulder, elbow, wrist, hip, knee, and 
ankle joints, and the trunk, and the average maximum right elbow varus torque, the average 
maximum right elbow flexion torque, the average maximum right shoulder external rotation 
torque, the average maximum right shoulder horizontal abduction torque, the average 
maximum right elbow joint resultant force, the average maximum shoulder joint resultant 
force, and the average maximum shoulder joint anterior shear force. The best trial of every 
male and every female javelin thrower was included. 
Hypothesis 8: One-way analyses of variance (ANOVA) were performed to determine 
differences in the motions of the shoulder, elbow, wrist, hip, knee, and ankle joints, and the 
trunk between athletes who had sustained a previous injury and athletes who had not 
sustained a previous injury. Athletes were grouped according to injury location of shoulder, 
elbow, trunk, groin, knee, and ankle injury. Each grouping and ANOVA was completed 
separately. The best trial of every male and every female javelin thrower was included.  
 CHAPTER IV 
RESULTS 
 
Injury Survey 
The results of the injury survey revealed a 98% lifetime prevalence of serious injury 
for the survey group (Table 4.1). All throwers surveyed with at least three years experience 
with javelin throwing had suffered a serious injury related to javelin throwing at some point 
in their career. Included in the survey were throwers competitive at the NCAA, junior, and 
senior national level in the United States, and internationally competitive throwers from 
Europe and Australia. The injuries reported were serious enough to require surgery and/or 
multiple physical and/or massage therapy sessions as treatment, which required the javelin 
throwers to miss at least one week of practice or competition. The time of occurrence of the 
injuries relative to the start of their throwing career varied considerably among the surveyed 
throwers (Table 4.1). All injuries included in the analysis of the associations between injury 
and technique occurred before the corresponding throws in the database used for analysis. 
Some athletes reported serious injuries that were not related to javelin training or 
competition, e.g. an ACL rupture suffered during a basketball game in the off-season. These 
injuries were included in the analyses, since all associations between current javelin 
technique and injury were retrospective. 
All injuries were grouped according to the specific area of the body that was affected. 
Shoulder injuries included labrum tears, shoulder impingement, and rotator cuff tears. Elbow 
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injuries included tendonitis, ulnar collateral ligament rupture, and elbow (olecranon) fracture. 
Trunk injuries included sports hernia, slipped disc, and fractured vertebrae. Groin injuries 
included muscle tear, and hip fracture. Knee injuries included anterior cruciate ligament 
rupture, lateral collateral ligament rupture, cartilage damage, patellar tendonitis, and 
meniscus tear. Ankle injuries included Achilles tendonitis, plantar fascia tear, and inversion 
sprain (Table 4.1). These groupings were used to compare injuries and associated technical 
differences by location. 
 
Kinematic Data Screening 
Reliability 
Mean absolute errors were generally within 0-5 degrees for angular variables, less 
than 0.016 seconds (about one field) for timing variables, and 0-0.5 meters/second for 
velocity variables. Hip-shoulder separations and trunk tilts had relatively large mean absolute 
errors  of 7 and 10 degrees, respectively, which was unexpected. The mean inter-rater 
relative errors were generally within 0-8% for angular variables, and below 10% for timing 
and velocity variables (Table 4.2). The relative errors in hip-shoulder separations and the 
trunk tilts approached 30%. 
Mean intra-rater absolute errors were generally within 0-2 degrees for angular 
variables, 0.016 seconds (about one field for timing variables, and 0.25 meters/second for 
velocity variables. Mean intra-rater relative errors were within 3% for angular variables, and 
below 10% for timing and velocity variables (Table 4.2). No significant differences in mean 
absolute and relative differences of the same variable among landmarks and dimensions were 
observed. 
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Outliers and Normality 
No variables with a statistically significant Mahalanobis distance were identified for 
any trial included in the statistical analyses. No outliers were found in the kinematic and 
kinetic data. Assumptions of normally distributed data were violated for some variables, 
therefore, statistical tests were conducted using a re-sampling approach as described in the 
methods. 
 
Technique and Performance 
Cross-Sectional Study 
For female javelin throwers, official distance was positively correlated with release 
speed (r = 0.697, p < 0.001) (Figure 4.1), which means that greater release speed was 
associated with longer official distance. A negative relationship existed between release 
speed and aerodynamic distance (r = -0.375, p = 0.045) (Table 4.3), which means that a 
greater release speed was associated with a shorter aerodynamic distance. Official distance 
and aerodynamic distance were not significantly correlated (r = 0.302, p = 0.111) (Table 4.3). 
For female javelin throwers, significant bivariate correlations were found between 
technique variables and official distance, release speed, and aerodynamic distance. The 
official distance was significantly correlated with final stride length (r = 0.648, p < 0.001), 
COM speed at left foot down (r = 0.473, p = 0.010), and loss in COM speed in double 
support (r = -0.416, p = 0.025) (Table 4.3). The release speed was significantly correlated 
with final stride length (r = 0.456, p = 0.013), COM speed at right foot down (r = 0.391, p = 
0.036) and COM speed at left foot down (r = 0.421, p = 0.023) (Table 4.3). The aerodynamic 
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distance was significantly correlated with javelin inclination angle at release (r = -0.372, p = 
0.045) (Table 4.3). 
For male javelin throwers, official distance was positively correlated with release 
speed (r = 0.738, p < 0.001) (Figure 4.1), which means that greater release speed was 
associated with longer official distance. A negative relationship was found between release 
speed and aerodynamic distance (r = -0.331, p = 0.056) (Table 4.4), which means that greater 
release speed was associated with shorter aerodynamic distance. Official distance and 
aerodynamic distance were not significantly correlated (r = 0.252, p = 0.150) (Table 4.4). 
For male javelin throwers, significant bivariate correlations were found between 
technique variables and official distance, release speed, and aerodynamic distance. The 
official distance was significantly correlated with single support time (r =-0.426, p =0.012), 
throwing procedure time (r =-0.508, p =0.002), javelin inclination angle at left foot down (r 
=-0.420, p =0.013), javelin inclination angle at release (r =-0.360, p =0.036), trunk tilt at 
release (r =0.569, p =0.000), hip-shoulder separation at release (r =0.374, p =0.029), right 
shoulder horizontal adduction at left foot down (r =-0.511, p =0.002), and right shoulder 
horizontal adduction at release (r =-0.352, p =0.041) (Table 4.4). The release speed was 
significantly correlated with javelin inclination angle at left foot down (r =-0.406, p =0.017), 
trunk tilt at release (r =0.533, p =0.001), right knee angle at left foot down (r =-0.071, p 
=0.689), right shoulder external rotation at right foot down (r =0.361, p =0.036), right 
shoulder horizontal adduction at left foot down (r =-0.631, p =0.000), and right shoulder 
horizontal adduction at release (r =-0.438, p =0.010) (Table 4.4). Aerodynamic distance was 
significantly correlated with loss in COM speed during double support (r =-0.415, p =0.010), 
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right hip flexion angle at left foot down (r =-0.430, p =0.010), and right knee angle at left 
foot down (r =0.444, p =0.000) (Table 4.4). 
For female javelin throwers 39.9% of the variance in official distance was accounted 
for by a combination of COM speed at left foot down, hip-shoulder separation at left foot 
down, and right knee angle at right foot down (F = 7.42, p = 0.010) (Table 4.5). A greater 
COM speed at left foot down was associated with an increase in official distance. A greater 
hip-shoulder separation at left foot down was associated with an increase in official distance. 
A smaller right knee angle at right foot down was associated with an increase in official 
distance. For male javelin throwers 65.8% of the variance in official distance was accounted 
for by a combination of trunk tilt at release, throwing procedure time, and right shoulder 
horizontal adduction angle at release (F = 22.16, p < 0.001) (Table 4.6). A greater trunk tilt at 
release was associated with an increase in official distance. A smaller throwing procedure 
time was associated with an increase in official distance. A smaller right shoulder horizontal 
adduction angle at release was associated with an increase in official distance. Multi-
colinearity was observed between trunk tilt at release and right shoulder horizontal adduction 
angle at release. These two variables correlate (r =-0.369, p =0.032), suggesting their 
interaction accounts for variance in official distance. 
For female javelin throwers, 14.5% of the variation in release speed was accounted 
for by COM speed at left foot down (F = 5.91, p = 0.023) (Table 4.7). A greater COM speed 
at left foot down was associated with an increase in release speed. For male javelin throwers, 
52.7% of the variation in release speed was accounted for by a combination of right shoulder 
horizontal adduction angle at left foot down, and trunk tilt at release (F = 19.39, p < 0.001) 
(Table 4.8). A smaller right shoulder horizontal adduction angle at left foot down was 
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associated with an increase in release speed. A greater trunk tilt at release was associated 
with an increase in release speed. 
For female javelin throwers, 10.9% of the variation in aerodynamic distance was 
accounted for by a combination of javelin inclination angle at release and right elbow angle 
at right foot down (F = 4.55, p = 0.014) (Table 4.9). A smaller javelin inclination angle at 
release was associated with an increase in aerodynamic distance. A smaller right elbow angle 
at right foot down was associated with an increase in aerodynamic distance. For male javelin 
throwers, 35.8% of the variation in aerodynamic distance was accounted for by a 
combination of right knee angle at left foot down, loss in COM speed in single support, and 
hip-shoulder separation at right foot down (F = 7.12, p = 0.001) (Table 4.10). A greater right 
knee angle at left foot down was associated with an increase in aerodynamic distance. A 
smaller loss in COM speed in single support was associated with an increase in aerodynamic 
distance. A greater hip-shoulder separation at right foot down was associated with an 
increase in aerodynamic distance. Multi-colinearity was observed between loss in COM 
speed in single support and hip-shoulder separation at right foot down. These two variables 
correlate (r =-0.331, p =0.056), suggesting their interaction accounts for variance in official 
distance. 
Longitudinal Study 
Subject F1 had 13 trials available for analysis and her official distance ranged from 
47.64 to 55.53 meters. Subject F2 had 15 trials available for analysis and her official distance 
ranged from 52.02 to 66.67 meters. Subject F3 had 19 trials available for analysis and her 
official distance ranged from 48.51 to 59.31 meters. Subject M1 had 13 trials available for 
analysis and his official distance ranged from 68.18 to 76.06 meters. Subject M2 had 12 trials 
88 
available for analysis and his official distance ranged from 72.09 to 82.06 meters. Subject 
M3 had 11 trials available for analysis and his official distance ranged from 71.19 to 79.86 
meters (Table 4.11). 
For Subject F1, official distance was significantly correlated with aerodynamic 
distance (r = 0.788, p = 0.001), but not significantly correlated with release speed (r = -0.340, 
p = 0.256) (Table 4.12). Official distance was also significantly correlated with javelin 
direction angle at left foot down (r = 0.657, p = 0.015), javelin direction angle at release (r = 
0.629, p = 0.021), hip-shoulder separation at release (r = 0.758, p = 0.003), left knee angle at 
release (r = 0.758, p = 0.003), left leg angle at release (r = -0.613, p = 0.026), right shoulder 
external rotation angle at angle at left foot down (r = 0.597, p = 0.031), and right shoulder 
horizontal adduction angle at release (r = -0.630, p = 0.021) (Table 4.12). The release speed 
was significantly correlated with COM speed at left foot down (r = 0.757, p = 0.003), javelin 
inclination angle at release (r = -0.628, p = 0.021), trunk tilt at left foot down (r = 0.588, p = 
0.034), and left leg angle at right foot down (r = -0.600, p = 0.030) (Table 4.12). The 
aerodynamic distance was significantly correlated with COM speed at right foot down (r = -
0.608, p = 0.027), COM speed at left foot down (r = -0.646, p = 0.017), javelin direction 
angle at left foot down (r = 0.800, p = 0.001) , javelin direction angle at release (r = 0.790, p 
= 0.001), left hip flexion angle at release (r = 0.588, p = 0.035), left knee angle at release (r = 
0.673, p = 0.012), and right shoulder horizontal adduction angle at release (r = -0.651, p = 
0.016) (Table 4.12). 
For Subject F2, official distance was significantly correlated with release speed (r = 
0.846, p < 0.001), but not significantly correlated with aerodynamic distance (r = 0.419, p = 
0.120). Release speed and aerodynamic distance were not significantly correlated (r = 0.012, 
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p = 0.966) (Table 4.13). Official distance was also significantly correlated with lost distance 
(r = -0.716, p = 0.003), release height (r = 0.723, p = 0.002), throwing procedure time (r = -
0.576, p = 0.031), stride length (r = -0.625, p = 0.017), stride height (r = -0.555, p = 0.039), 
javelin inclination angle at right foot down (r = -0.669, p = 0.009), left hip flexion angle at 
release (r = 0.623, p = 0.013), left leg angle at left foot down (r = 0.623, p = 0.013), left leg 
angle at release (r = 0.635, p = 0.011), right shoulder adduction angle at right foot down (r = -
0.731, p = 0.002), right shoulder horizontal adduction angle at release (r = 0.553, p = 0.033), 
and right elbow flexion at right foot down (r = -0.576, p = 0.025) (Table 4.13). Release 
Speed was significantly correlated with lost distance (r = -0.707, p = 0.003), release height (r 
= 0.788, p < 0.001), single support time (r = -0.682, p = 0.007), stride length (r = -0.665, p = 
0.009), javelin inclination angle at right foot down (r = -0.697, p = 0.006), javelin inclination 
angle at left foot down (r = -0.663, p = 0.007), javelin inclination angle at release (r = -0.659, 
p = 0.007), javelin direction angle at release (r = 0.596, p = 0.019), left hip flexion angle at 
release (r = 0.592, p = 0.020), left leg angle at left foot down (r = 0.565, p = 0.028), left leg 
angle at release (r = 0.696, p = 0.004), right shoulder external rotation angle at left foot down 
(r = -0.563, p = 0.029), right shoulder adduction angle at right foot down (r = -0.619, p = 
0.014), and right shoulder horizontal adduction angle at release (r = 0.546, p = 0.035) (Table 
4.13). Aerodynamic distance was significantly correlated with hip-shoulder separation at left 
foot down (r = -0.598, p = 0.018), and right shoulder horizontal adduction angle at right foot 
down (r = 0.710, p = 0.003) (Table 4.13). 
For Subject F3, official distance was significantly correlated with release speed (r = 
0.632, p = 0.004), but not significantly correlated with aerodynamic distance (r = -0.163, p = 
0.504). Release speed was significantly correlated with aerodynamic distance (r = -0.813, p < 
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0.001) (Table 4.14). Official distance was also significantly correlated with double support 
time (r = -0.541, p = 0.017), throwing procedure time (r = -0.474, p = 0.041), relative single 
support time (r = 0.487, p = 0.035), relative double support time (r = -0.487, p = 0.035), 
stride length (r = 0.597, p = 0.007), stride height (r = -0.692, p = 0.001), stride width (r = -
0.692, p = 0.001), COM speed at right foot down (r = 0.589, p = 0.008), COM speed at left 
foot down (r = 0.741, p < 0.001), javelin inclination angle at right foot down (r = 0.510, p = 
0.026), trunk tilt at right foot down (r = 0.586, p = 0.008), right hip flexion angle at right foot 
down (r = -0.635, p = 0.003), right hip flexion angle at release (r = -0.588, p = 0.008), right 
knee angle at release (r = -0.491, p = 0.033), right knee angle at left foot down (r = 0.470, p = 
0.042), left knee angle at right foot down (r = 0.632, p = 0.004), left knee angle at release (r = 
0.464, p = 0.045), right shoulder external rotation angle at left foot down (r = 0.567, p = 
0.011), right shoulder horizontal adduction angle at left foot down (r = -0.556, p = 0.013), 
right shoulder horizontal adduction angle at release (r = 0.732, p < 0.001), and right elbow 
angle at release  (r = -0.467, p = 0.044) (Table 4.14). Release speed was significantly 
correlated with double support time (r = -0.651, p = 0.003), relative single support time (r = 
0.566, p = 0.012), relative double support time (r = -0.566, p = 0.012), stride length (r = 
0.765, p < 0.001), stride width (r = -0.575, p = 0.010), COM speed at right foot down (r = 
0.685, p = 0.01), COM speed at left foot down (r = 0.536, p = 0.018), COM speed at release 
(r = 0.623, p = 0.004), javelin inclination angle at right foot down (r = 0.650, p = 0.003), 
javelin direction angle at right foot down (r = -0.734, p < 0.001), right hip flexion at right 
foot down (r = -0.635, p = 0.003), right knee angle at left foot down (r = 0.470, p = 0.042), 
left knee angle at right foot down (r = 0.632, p = 0.004), right shoulder external rotation 
angle at left foot down (r = 0.469, p = 0.043), right shoulder horizontal adduction angle at 
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release (r = 0.666, p = 0.002), and right elbow angle at left foot down (r = 0.655, p = 0.002) 
(Table 4.14). Aerodynamic distance was significantly correlated with stride length (r = -
0.509, p = 0.026), COM speed at right foot down (r = -0.485, p = 0.035), COM speed at 
release (r = -0.505, p = 0.028), javelin inclination angle at release (r = -0.575, p = 0.010), 
javelin direction angle at right foot down (r = 0.682, p = 0.001), left hip flexion angle at 
release (r = 0.511, p = 0.025), and right elbow flexion angle at left foot down (r = -0.540, p = 
0.017) (Table 4.14). 
For Subject M1, official distance was significantly correlated with release speed (r = 
0.818, p = 0.001), but not significantly correlated with aerodynamic distance (r = -0.161, p = 
0.599). Release speed was not significantly correlated with aerodynamic distance (r = -0.510, 
p = 0.075) (Table 4.15). Official distance was also significantly correlated with release height 
(r = 0.672, p = 0.012), COM speed at release (r = -0.642, p = 0.018), loss in COM speed in 
double support (r = -0.570, p = 0.042), javelin direction angle at left foot down (r = -0.587, p 
= 0.035), trunk tilt at release (r = 0.762, p = 0.002), right knee angle at release (r = 0.608, p = 
0.027), left knee angle at release (r = 0.695, p = 0.008), right shoulder external rotation angle 
at release (r = -0.707, p = 0.007), right shoulder horizontal adduction angle at left foot down 
(r = -0.556, p = 0.048), and right elbow angle at release (r = -0.573, p = 0.041) (Table 4.15). 
Release speed was significantly correlated with trunk tilt at release (r = 0.689, p = 0.009), 
right knee angle at left foot down (r = 0.641, p = 0.018), left knee angle at release (r = 0.683, 
p = 0.010), and right shoulder external rotation at release (r = -0.637, p = 0.019) (Table 4.15). 
Aerodynamic distance was significantly correlated with javelin inclination angle at right foot 
down (r = 0.615, p = 0.025) (Table 4.15). 
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For Subject M2, official distance was significantly correlated with release speed (r = 
0.656, p = 0.020), but not significantly correlated with aerodynamic distance (r = -0.358, p = 
0.254). Release speed was significantly correlated with aerodynamic distance (r = -0.758, p = 
0.002) (Table 4.16). Official distance was also significantly correlated with left knee angle at 
left foot down (r = 0.620, p = 0.031) (Table 4.16). Release Speed was significantly correlated 
with stride height (r = -0.646, p = 0.023), javelin direction at left foot down (r = -0.632, p = 
0.027), trunk tilt at release (r = 0.602, p = 0.038), right hip flexion angle at release (r = -
0.712, p = 0.009), right shoulder external rotation angle at release (r = -0.579, p = 0.049), and 
right shoulder adduction angle at left foot down (r = -0.804, p = 0.002) (Table 4.16). 
Aerodynamic distance was significantly correlated with single support time (r = 0.598, p = 
0.040), double support time (r = -0.697, p = 0.012), relative single support time (r = 0.757, p 
= 0.004), relative double support time (r = -0.784, p = 0.003), loss in COM speed in double 
support (r = 0.579, p = 0.048), javelin inclination angle at release (r = -0.578, p = 0.049), 
javelin direction angle at right foot down (r = 0.675, p = 0.016), javelin direction angle at left 
foot down (r = 0.641, p = 0.025), trunk tilt at release (r = -0.766, p = 0.004), and right hip 
flexion angle at left foot down (r = 0.594, p = 0.042) (Table 4.16). 
For Subject M3, official distance was not significantly correlated with release speed 
(r = 0.407, p = 0.214) or aerodynamic distance (r = 0.148, p = 0.663). Release speed was 
significantly correlated with aerodynamic distance (r = -0.730, p = 0.011) (Table 4.17). 
Official distance was significantly correlated with javelin direction angle at right foot down 
(r = -0.866, p = 0.001), javelin direction angle at left foot down (r = -0.676, p = 0.022), trunk 
tilt at left foot down  (r = -0.622, p = 0.026), right hip flexion angle at release (r = 0.668, p = 
0.025), left hip flexion angle at right foot down (r = 0.736, p = 0.010), left hip flexion angle 
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at left foot down (r = 0.725, p = 0.012), right knee angle at right foot down (r = 0.724, p = 
0.012), and left knee angle at left foot down (r = 0.673, p = 0.023) (Table 4.17). Release 
Speed was significantly correlated with hip-shoulder separation at release (r = -0.632, p = 
0.037), left hip flexion angle at left foot down (r = 0.704, p = 0.016), left hip flexion angle at 
release (r = 0.676, p = 0.022), and left knee angle at left foot down (r = 0.683, p = 0.021) 
(Table 4.17). Aerodynamic distance was significantly correlated with right shoulder 
horizontal adduction angle at right foot down (r = -0.628, p = 0.039) (Table 4.17). 
 
Technique and Injury 
Body Positions Associated with Injuries 
About 10% of trials had an extended elbow with the arm out to the side during a time 
of rapid arm acceleration – a right elbow flexion angle of 50 at left foot down. About 5% of 
trials displayed a failure to maintain lead of the pelvis over the trunk before the release – a 
negative hip-shoulder separation before release. About 50% of trials displayed a forward 
trunk tilt at right foot down, but every trial had a neutral or backward lean at left foot down – 
a negative trunk tilt at left foot down. Over 50% of trials displayed a straight knee at the 
impact of the block – a left knee angle of 160 degrees or greater at left foot down. 
Joint Forces and Torques 
The mean maximum elbow and shoulder joint torques and forces experienced by the 
javelin throwers were all greater than the corresponding cadaveric threshold values for injury 
to occur (Table 4.18).  
The average maximum shoulder joint external rotation torque was significantly 
correlated with single support time (r = 0.474, p = 0.010), COM speed at left foot down (r = 
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0.520, p = 0.002), javelin inclination angle at right foot down (r = 0.499, p = 0.007), javelin 
direction angle at left foot down (r = 0.531, p = 0.002), javelin direction angle at release (r = 
0.461, p = 0.012), right shoulder horizontal adduction angle at left foot down (r = 0.711, p < 
0.001), right shoulder horizontal adduction angle at release (r = 0.617, p < 0.001), right 
shoulder external rotation angle at left foot down (r = 0.739, p < 0.001), and right elbow 
flexion angle at left foot down (r = 0.445, p = 0.012) (Table 4.19). 
The average maximum shoulder joint resultant force was significantly correlated with 
single support time (r = 0.447, p = 0.012), COM speed at left foot down (r = 0.546, p = 
0.002), javelin inclination angle at right foot down (r = 0.449, p = 0.012), javelin direction 
angle at left foot down (r = 0.690, p < 0.001), javelin direction angle at release (r = 0.606, p = 
0.001), trunk tilt at left foot down (r = 0.368, p = 0.050), hip-shoulder separation at release (r 
= 0.586, p = 0.001), right shoulder horizontal adduction angle at left foot down (r = 0.395, p 
= 0.045), right shoulder horizontal adduction angle at release (r = 0.700, p < 0.001), right 
shoulder external rotation angle at left foot down (r = 0.640, p < 0.001), and right elbow 
flexion angle at left foot down (r = 0.606, p = 0.001) (Table 4.19). 
The average maximum elbow joint varus torque was significantly correlated with 
javelin inclination angle at right foot down (r = 0.525, p = 0.002), javelin direction angle at 
left foot down (r = 0.616, p = 0.001), javelin direction angle at release (r = 0.514, p = 0.003), 
right shoulder horizontal adduction angle at right foot down (r = 0.315, p = 0.050), right 
shoulder horizontal adduction angle at left foot down (r = 0.511, p = 0.008), right shoulder 
horizontal adduction angle at release (r = 0.523, p = 0.002), right shoulder external rotation 
angle at left foot down (r = 0.702, p < 0.001), right elbow flexion angle at left foot down (r = 
0.714, p < 0.001), and right elbow flexion angle at release (r = 0.410, p = 0.025) (Table 4.19).  
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The average maximum elbow joint resultant force was significantly correlated with 
javelin inclination angle at right foot down (r = 0.664, p < 0.001), javelin direction angle at 
left foot down (r = 0.438, p = 0.012), javelin direction angle at release (r = 0.563, p = 0.002), 
right shoulder horizontal adduction angle at left foot down (r = 0.372, p = 0.048), right 
shoulder horizontal adduction angle at release (r = 0.448, p = 0.012), right shoulder external 
rotation angle at left foot down (r = 0.468, p = 0.012), right elbow flexion angle at left foot 
down (r = 0.388, p = 0.042), and right elbow flexion angle at release (r = 0.698, p < 0.001) 
(Table 4.19). 
Female javelin throwers with shoulder injuries had significantly greater official 
distance (F = 8.07, p < 0.05) and significantly shorter double support time (F = 4.46, p < 
0.05) in comparison to female javelin throwers without shoulder injuries (Table 4.20). Male 
javelin throwers with shoulder injuries had significantly greater official distances (F = 8.61, p 
< 0.01), javelin direction angle significantly more towards the right at right foot down (F = 
6.00, p < 0.05), javelin direction angle significantly more towards the right at left foot down 
(F = 5.16, p < 0.05), significantly greater hip-shoulder separation at right foot down (F = 
6.26, p < 0.05), significantly greater shoulder horizontal abduction angle at left foot down (F 
= 7.15, p < 0.05), and significantly greater shoulder horizontal adduction angle at release (F = 
4.62, p < 0.05) in comparison to male javelin throwers without shoulder injuries (Table 4.21). 
Female javelin throwers with elbow injuries displayed significantly longer relative 
single support time (F = 5.78, p < 0.05), significantly shorter relative double support time (F 
= 5.90, p < 0.05), and significantly greater elbow flexion angle at release (F = 7.69, p < 0.01) 
in comparison to female javelin throwers without elbow injuries (Table 4.20). No significant 
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difference was found in technique between male javelin throwers with elbow injuries and 
male javelin throwers without elbow injuries. 
Female javelin throwers with trunk injuries had significantly longer official distance 
(F = 19.92, p < 0.01), significantly longer stride length (F = 15.85, p < 0.01), significantly 
lower javelin inclination angle at right foot down (F = 4.67, p < 0.05), javelin direction angle 
significantly more towards the right at right foot down (F = 8.23, p < 0.01), and significantly 
greater shoulder horizontal abduction angle at left foot down (F = 4.40, p < 0.05) in 
comparison to female javelin throwers without trunk injuries (Table 4.20). Male javelin 
throwers with trunk injuries had significantly greater right knee angle at left foot down (F = 
4.31, p < 0.05), and significantly greater left knee angle at release (F = 4.65, p < 0.05) in 
comparison to male javelin throwers without trunk injuries (Table 4.21). 
No significant difference in technique was found between female javelin throwers 
with groin injuries and female throwers without groin injuries. Male javelin throwers with 
groin injuries had significantly greater right knee angle at release (F = 6.54, p < 0.05) in 
comparison to male javelin throwers without groin injuries (Table 4.21). 
Female javelin throwers with knee injuries had significantly longer single support 
time (F = 5.81, p < 0.05), greater backwards trunk tilt at left foot down (F = 5.13, p < 0.05), 
significantly greater left hip extension at left foot down (F = 5.75, p < 0.05), and significantly 
greater left leg angle at left foot down (F = 5.64, p < 0.05) in comparison to female javelin 
throwers without knee injuries (Table 4.20). Male javelin throwers with knee injuries 
displayed longer official distances (F = 15.38, p < 0.01), and shorter throwing procedure 
times (F = 5.65, p < 0.05) in comparison to male javelin throwers without knee injuries 
(Table 4.21). 
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No significant difference in technique was found between female javelin throwers 
with ankle injuries and female throwers without ankle injuries. Male javelin throwers with 
ankle injuries had significantly lower COM speeds at right foot down (F = 8.72, p < 0.01), 
and significantly lower COM speeds at left foot down (F = 4.38, p < 0.05) in comparison to 
male javelin throwers without ankle injuries (Table 4.21).  
 CHAPTER V 
DISCUSSION 
 
Technique and Performance 
Cross-Sectional Studies 
The influence of biomechanical variables describing javelin throwing technique on 
javelin throwing performance was investigated. Significant relationships between technique 
and performance were found. These relationships were different between males and females, 
and between cross-sectional analysis and longitudinal analysis. 
The timing of the shoulder, elbow, wrist, hip, knee, and ankle joint motions and trunk 
rotations were hypothesized to be significantly correlated to the release speed, the 
aerodynamic distance, and the official distance in javelin throwing. The results of this study 
did not support this hypothesis. No timing variables were found to correlate with the 
measures of performance. 
The relative timings of the javelin throwing motions were similar among subjects, 
while the absolute timing varied among subjects. The javelin throwing population in the 
United States is relatively small. Many javelin throwers have been taught to throw by the 
same coaches, and many coaches share a common educational background and philosophy 
on javelin throwing technique. This is likely to lead to similar motion patterns among javelin 
throwers as each will use the same general motion sequence with differences occurring in 
absolute not relative timing. A recent study supports the consistency of throwers’ relative 
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timing (Liu, Leigh, & Yu, 2010) as all throwers within a gender used a specific timing 
strategy, and males and females differed only in the timing of the use of the right hip. The 
quick, explosive nature of the event should magnify any timing differences, as a small timing 
difference will be a bigger percentage of a shorter overall time. All six subjects with more 
than 10 trials for longitudinal analysis differed by no more than 2.5% in any timing variable, 
however, performance differed by up to 20%, suggesting much greater consistency with 
timing than performance. In this situation, determining the effect of movement timing on 
javelin throwing performance using statistical methods is difficult. Also, these results 
indicate that javelin throwers' skills, in terms of limb and joint range of motion during each 
phase of the throwing motion, and their physical characteristics, such as strength, may be 
more significant factors than timing to differentiate javelin throwers' performances. 
The shoulder, elbow, wrist, hip, knee, and ankle joint motions and trunk rotations 
were hypothesized to be significantly correlated to the release speed, the aerodynamic 
distance, and the official distance in javelin throwing. The results of this study supported this 
hypothesis. Specific technique variables were correlated to all of the performance variables, 
however, these relationships varied between gender and among subjects. 
For both male and female javelin throwers, increased official distance was associated 
with increased release speeds, losses in COM speed during double support, and decreased 
javelin inclinations at release (Tables 4.3–4.4). The relationship between release speed and 
official distance was consistent with the findings in previous studies on throwing that the 
release speed is the major determinant of the variation in the official distance (Ariel, 1973; R. 
J. Best & Bartlett, 1986; Hay & Yu, 1995; Hubbard & Alaways, 1987; Hubbard & Cheng, 
2007; Linthorne, 2001; Morriss & Bartlett, 1996; Vitasalo, et al., 2007). The release speed 
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squared is linearly proportional to the vacuum flight distance, which is the major part of the 
official distance in javelin throwing, and other throwing events for distance (R. J. Best & 
Bartlett, 1986; Hay & Yu, 1995; Hubbard, 1984; Hubbard & Cheng, 2007; Leigh, Gross, Li, 
& Yu, 2008; Linthorne, 2001; Linthorne & Everett, 2006). 
Aerodynamic distance is the second largest partial distance of official distance in 
throwing events for distance (Hay & Yu, 1995; Hubbard & Rust, 1984b; Morriss & Bartlett, 
1996; Terauds, 1974b). There was no significant correlation between aerodynamic distance 
and official distance, but the correlation coefficient was positive. This lack of a significant 
relationship between official distance and aerodynamic distance suggests that aerodynamic 
distance does not account for much variation in official distance among javelin throwers. The 
lack of a significant relationship does not mean that aerodynamic distance is unimportant for 
throwing far. Aerodynamic distance can account for up to 20 m of official distance in javelin 
throwing (Hubbard & Alaways, 1987; Hubbard & Rust, 1984b), and some throwers included 
in this study were able to gain over 10 m in aerodynamic distance, which is 20-30% of the 
official distance for male throwers and 12-17% of the official distance for female throwers. 
There was a negative correlation between release speed and aerodynamic distance. 
This suggests that increasing the release speed has a negative effect on the aerodynamic 
flight of the javelin. This relationship may be due to the speed-accuracy trade off as 
described in motor control research, specifically by Fitts’ Law (Fitts, 1954). This law 
explains that as accuracy demands increase, the speed of movement must decrease. To 
release the javelin with great release speeds requires very fast limb motions to accelerate the 
javelin during the throwing procedure, and these should be fastest at the end of the throwing 
procedure (Bartlett, 1988; Terauds, 1978a). To throw the javelin with a gain in aerodynamic 
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distance requires the javelin to be released “cleanly”, i.e. accurately, to minimize drag forces 
and maximize lift by controlling the angles of release (Hubbard, 1984; Hubbard & Alaways, 
1987; Hubbard & Rust, 1984a). Therefore, when release speed is increased, release accuracy 
may be sacrificed, hence a negative relationship between release speed and aerodynamic 
distance. 
A decrease in release speed is correlated with a loss in COM speed during double 
support, and an increase in aerodynamic distance is correlated with an increased COM speed 
during double support (Tables 4.3 and 4.4). Furthermore, a loss of release speed is correlated 
with greater right knee flexion at left foot down and right hip flexion at left foot down, 
whereas a gain in aerodynamic distance is correlated with these variables (Tables 4.3 and 
4.4). Factors that are associated with a decreased release speed and increased aerodynamic 
distance further demonstrate the difficulty of accurately controlling the release to minimize 
drag and increase aerodynamic distance when performing this skill at high speeds. 
Throwing at slightly less than the maximum possible release speed may allow 
throwers whose skill levels are not at the highest level to improve the accuracy of the control 
of the javelin's orientation at the release, and to gain aerodynamic distance. An increase in 
aerodynamic distance due to improved release accuracy would result in an increase in official 
distance for these throwers. An optimum combination of release speed and aerodynamic 
distance may exist for these throwers. 
The American record throws both have great release speeds (Figure 4.1) and long 
aerodynamic distances (Figure 4.2). This may be attributed to the high skill level of these 
javelin throwers. They may be more accurate in controlling the orientation of the javelin than 
their fellow throwers when releasing the javelin at similar speeds, because of better control of 
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the release of the javelin. This hypothesis is supported by the small positive correlation 
between release speed and aerodynamic distance of the women's American record holder, F2, 
compared with the great negative correlations between release speed and aerodynamic 
distance of other thrower's analyzed. These results indicate that maximum speed and 
optimum control of the javelin's orientation at the release can be achieved at the same time. 
The method used to calculate aerodynamic distance includes vacuum flight distance, 
and hence release speed. This may be a reason for the negative correlation between release 
speed and aerodynamic distance. Aerodynamic distance is proportional to official distance 
minus a function of release speed, so when release speed increases aerodynamic distance 
decreases. This formula does not seem to be the major reason for the negative correlation, 
however, because some subjects display no relationship between release speed and 
aerodynamic distance, and the American record throws displayed both a long aerodynamic 
distance and a high release speed. 
A greater loss in COM speed during double support means more of the momentum 
built up by the javelin thrower during the approach run has been converted to javelin release 
speed during the block and subsequent throwing motion. There is a change in momentum 
from before the collision to afterwards. The great speed and mass of the javelin thrower and 
javelin system before the collision is converted to a large mass with low velocity (javelin 
thrower) and a small mass with high velocity (javelin) after the collision. A greater loss in the 
speed of the javelin thrower is translated into a bigger gain in the speed of the javelin. This 
has been the key principal to developing the modern javelin throwing technique (Giles, 1980; 
Kunz & Kaufman, 1980; Salmenkyla, 1984). 
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The inclination of the release of the javelin, as measured by the javelin inclination 
angle at release, is related to the lift and drag forces that act on the javelin during flight. For a 
given release angle, a change in javelin inclination angle will change the angle of attack, 
which is the angle between the release angle and the javelin inclination angle (Figure 3.6). 
Javelin throwers tend to release the javelin with an inclination angle greater than the release 
angle, that is they tend to have a positive angle of attack. The results of this study showed 
that the mean angle of attack was 8 degrees for female throwers and 2 degrees for male 
throwers. A decrease in the javelin inclination angle, therefore, will tend to decrease the 
angle of attack, which affects the aerodynamic considerations of javelin throwing. 
The effect of aerodynamic factors on javelin flight is complicated. To gain a long 
aerodynamic distance, it is advantageous for a javelin thrower to generate a great lift force 
while minimizing drag force. Lift force acts upwards and drag force acts opposite to the 
direction of motion. Lift force opposes gravity and increases the aerodynamic distance and 
the official distance. Drag force opposes the forward propulsion provided by the javelin 
thrower and decreases the aerodynamic distance and the official distance. A javelin thrower 
will always seek to increase release speed, because this has the biggest influence on long 
official distances through great vacuum flight distances. Increasing the release speed also 
increases lift force and drag force. A javelin thrower can produce a greater lift force than 
drag force at a given release speed by optimizing the angle of attack. 
Both lift and drag force are dependent on the angle of attack (Bertin, 2001). The 
magnitude of the lift force depends on four main factors: environmental conditions (e.g. 
humidity and air density), the speed of the javelin relative to the air in which it flies through, 
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a reference area, and aerodynamic characteristics of the javelin (Bertin, 2001). The lift force 
is calculated as: 
𝐹𝐿 =  12 𝜌𝑣2𝐴𝐶𝐿  (19) 
Where FL is the lift force, ρ is the relative density of the air, v is the speed of the javelin 
relative to the air, A is the projection area of the javelin, and CL is the lift coefficient of the 
javelin. The projection area of the javelin is cross-sectional area of the javelin perpendicular 
to the velocity vector. The lift coefficient represents the relationship between lift pressure 
pushing upwards on the javelin and the air pressure. The lift coefficient is specific to each 
javelin, and varies with the angle of attack.  
The angle of attack determines the projection area of the javelin through the 
orthographic projection of the javelin onto a plane perpendicular to the direction of travel. 
The direction of travel is determined by the orientation of the release speed, and the angle of 
attack is the angle between the longitudinal axis of the javelin and the release speed. The 
angle of attack, therefore, is related to the projection area of the javelin via simple 
trigonometry. As the angle of attack increases the projection area increases and lift force 
increases. 
The angle of attack also determines the lift coefficient. The angle of attack must be 
greater than 0 degrees to generate upwards directed lift force through a positive lift 
coefficient. As the angle of attack increases the lift coefficient increases to a maximum at an 
angle of attack of about 15 degrees. At angles of attack greater than 15 degrees the lift 
coefficient decreases again as the air flow around the javelin starts to separate and the lift 
pressure decreases (Bertin, 2001). This is known as stalling. As the lift coefficient increases 
the lift force increases. An increased lift force decreases the effect of gravity and results in 
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greater aerodynamic distances. The optimum angle of attack for increasing lift force, 
therefore, is about 15 degrees. An increased angle of attack will also increase the drag force, 
however. 
Similar to lift force, the magnitude of the drag force also depends on four main 
factors: environmental conditions (e.g. humidity and air density), the speed of the javelin 
relative to the air in which it flies through, a reference area, and aerodynamic characteristics 
of the javelin (Bertin, 2001). The drag force is calculated as: 
𝐹𝐷 =  12 𝜌𝑣2𝐴𝐶𝐷  (20) 
Where FD is the drag force, ρ is the relative density of the air, v is the speed of the javelin 
relative to the air, A is the projection area of the javelin, and CD is the drag coefficient of the 
javelin. The lift coefficient, the drag coefficient, and the direction of the aerodynamic force 
are the only differences between equations (19) and (20). 
The angle of attack is related to the projection area and the drag coefficient. As the 
angle of attack increases the projection area increases and the drag force increases. The drag 
coefficient is a minimum at an angle of attack of about zero degrees and as the angle of 
attack increases the drag coefficient increases (Bertin, 2001). The increased projection area 
and drag coefficient increases the drag force applied to the javelin and causes a loss of 
forward speed and a loss of aerodynamic distance. The optimum angle of attack for 
minimum drag force, therefore, is 0 degrees. 
The optimal angle of attack for increasing lift force to counteract gravity, and 
decreasing drag force to maintain speed is between 0 degrees and 15 degrees. The optimal 
angle of attack will be specific to each thrower depending on their individual balance 
between horizontal and vertical motion of the javelin. For the javelin throwers in this 
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dissertation, the correlation between official distance and a smaller inclination of the javelin 
at release suggests that reducing drag is more important than increasing lift to throw long 
distances, so the optimal angle of attack is closer to 0 degrees than 15 degrees. Previous 
research has determined that increases in lift and drag were greatest at small angles of attack, 
and that javelins thrown with angles of attack of 0 degrees had ten times lower drag forces 
slowing them down than javelins thrown with angles of attack of 10 degrees (Hubbard, 1984; 
Hubbard & Rust, 1984b; Hubbard and Bergman, 1989). The javelins released with angles of 
attack close to 0 degrees travelled approximately seven meters further with other factors kept 
constant. This further supports that the optimal angle of attack is closer to 0 degrees than 15 
degrees. 
The angle of attack has an additional effect on the flight of the javelin. If the angle of 
attack is positive, the javelin is oriented above the line of force produced by the javelin 
thrower. This means that the bottom-rear surface area of the javelin is mainly in contact with 
the air. The resultant drag force can be considered to be applied at a point on the bottom-rear 
of the javelin behind the COM of the javelin. This moment will cause the tip to pitch forward 
about the COM and will reduce the distance thrown. If the angle of attack is negative, the 
javelin is oriented below the line of force produced by the javelin thrower. This means that 
the top-rear surface area of the javelin is mainly in contact with the air. The resultant drag 
force can be considered to be applied at a point on the top-rear of the javelin behind its COM. 
This moment will not cause the tip to pitch forward in the same way (Held, 1980). An angle 
of attack close to 0 degrees will also minimize this forwards pitching motion. 
Javelin throwers should lower their javelin inclination angles to decrease the angle of 
attack. Raising the release angle could cause a loss of release speed, because release speed 
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and release angle are correlated. There is a disproportionate loss in horizontal release velocity 
associated with a gain in vertical release velocity due to effects of gravity and specific 
strength of the musculo-skeletal system (Linthorne, 2001; Linthorne & Everett, 2006; 
Vitasalo, et al., 2007; Leigh, Liu, Hubbard, & Yu, 2010). This is also the reason why the 
observed release angle is much less than the theoretically optimum release angle of 45 
degrees, which is too great for optimum horizontal release speed generation. 
For female javelin throwers, improved performances were also associated with longer 
stride lengths, and greater COM speeds at right foot down and left foot down (Table 4.1). 
The correlations between technique and performance for female javelin throwers suggest that 
their actions on the runway have a significant effect on performance, specifically 
maintenance of COM speed up to the block. 
As discussed previously, effective transfer of momentum gained from the approach 
run into speed of the javelin at release has a significant effect on performance. An increased 
stride length in a similar time represents a greater approach run speed, as does a greater COM 
speed. Greater speeds of the javelin thrower plus javelin system before the block indicate 
greater momentum available to be converted into javelin release speed during the block and 
throwing procedure is related to improved performance. 
Increasing the availability of momentum to generate greater release speeds through a 
faster approach run is in agreement with common coaching theory that the approach run 
should be used to generate speed, and the throw should be a “slinging” or “whipping” action 
to guide the javelin (Ariel, et al., 1980; Terauds, 1983). The rationale is that the larger 
muscles of the lower body and trunk, and the stretch reflex gained from appropriate 
positioning are more effective at generating release speed than by actively throwing the 
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javelin by forcibly extending the throwing arm. These results are supported by a preliminary 
study reported by (Roberts, 1971) in which subjects' maximum speeds were recorded. The 
radial nerve of the subjects was then anesthetized to minimize elbow actions in throwing, and 
the subjects were asked to throw again. The results showed that following anesthetic the 
subjects were able to generate over 80% of their pre-anesthetic release speeds. This suggests 
that release speed generation is highly dependent on preceding motion, and that segmental 
velocities are summed to generate the final velocity. This is supported by research into 
cricket bowling, which has shown that variation in distal segmental velocity is largely 
determined by proximal limb motion (Ferdinands, Marshall and Kersting,  2010; Hirashima, 
Yamane, Nakamura, & Ohtsuki, 2008). These studies demonstrated the importance of the 
slinging or whipping action for generating release speed in javelin throwing. For javelin 
throwing, this shows that the approach run and the larger muscles of the lower body and 
trunk accounts for the major portion of release speed. However, this does not mean that the 
speed generated by the arm is unimportant. 
For male javelin throwers, improved performances were also associated with a shorter 
single support time (the time from right foot down to left foot down), a shorter throwing 
procedure time (the time from right foot down to release), a smaller javelin inclination angle 
at left foot down, a greater forwards trunk tilt at release, a greater hip-shoulder separation at 
release, greater right hip flexion at release, greater right knee extension at left foot down and 
release, greater right shoulder external rotation at right foot down, and greater right shoulder 
abduction at left foot down and release (Table 4.4). Similar to the results for female javelin 
throwers, shorter times spent performing the throwing motions indicates greater speed and 
momentum that can be converted to javelin release speed by the throwing motion. The 
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relationship between javelin inclination angles at left foot down and release indicates that 
keeping the javelin inclined lower at left foot down may make it easier to keep the javelin 
low at release, thereby minimizing the angle of attack and drag forces, and increasing 
aerodynamic distance gains and therefore official distance. 
The major differences in the relationships between technique variables and 
performance between male and female javelin throwers are in the associations of trunk tilt, 
right shoulder motion, and right leg action with variations in performance. 
The influence of trunk tilt on performance may reflect a strategy to use trunk motion 
to increase release speed. As shown by studies in cricket bowling (Ferdinands, Marshall, and 
Kersting, 2010; Portus, Mason, Elliott, Pfitzner, & Done, 2004; Ranson, Burnett, King, Patel, 
& O'Sullivan, 2008) trunk tilt motion may increase release speed as the trunk pivots about 
the ground contact and increases the acceleration path of the javelin. A change from a 
backward trunk tit to a forward trunk tilt may allow for gain in release speed via rotation in 
the sagittal plane in addition to other mechanisms of transfer of momentum and horizontal 
plane rotation. In cricket bowling, however, the bowler is attempting to hit the ground with 
the ball about 20 meters in front of their approximately two meter high release point. This 
drop requires a downward release angle of about six degrees below the horizontal, and a 
forward lean would allow the bowler to release perpendicular to their trunk at the overall 
desired orientation. Javelin throwers, however, are concerned with throwing for the longest 
distance, which requires them to throw upwards, typically about 35 degrees above horizontal. 
Greater forwards trunk tilts for javelin throwers, therefore, require them to throw at greater 
inclines relative to the orientation of their trunk. This may hinder their release speed 
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generation, since the line of action of the human body musculature favors the horizontal not 
the vertical. 
A great forward trunk tilt has been suggested as relating to an undesirable lack of 
control of runway speed (Best, et al., 1993; Morriss & Bartlett, 1996). The block of the 
javelin throwing procedure is intended to transfer the speed of the javelin thrower plus 
javelin that is generated during the run-up into release speed of the javelin by completely 
stopping the motion of the javelin thrower and transferring momentum to the javelin (Morriss 
& Bartlett, 1996). An uncontrolled block may result in continued motion of the javelin 
thrower, characterized by forwards trunk tilt, and a decreased transfer of momentum, which 
is inefficient. Since a greater COM speed will result in more momentum to be transferred to 
the javelin, the positive correlation between trunk tilt and official distance may be more 
representative of the benefit of a greater COM speed than a greater forward trunk tilt. 
Great forwards trunk tilt may have a detrimental effect on the angular velocity of the 
javelin after release, as well as changing the angle of release. At release the javelin has both 
linear and rotational components to its motion. The spin and pitching moment are the 
rotational components. A forward pitching moment causes the tip of the javelin to start to 
point downwards. The greater the forward pitching angular velocity at the release, the faster 
this will happen and the more distance will be lost. If the forward pitching angular velocity of 
the javelin is slower than 9 degrees per second (about 1.5 times the speed of a clock’s second 
hand), aerodynamic distance can be gained (Hubbard & Alaways, 1987; Hubbard & Rust, 
1984a, 1984b). If the forward pitching angular velocity of the javelin is faster than 9 degrees 
per second, the loss of distance due to the tip pitching forwards becomes greater than the 
distance gained due to lift, and there is an overall negative aerodynamic distance (Hubbard & 
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Alaways, 1987; Hubbard & Rust, 1984a, 1984b). At 18 degrees per second the distance lost 
approaches 25 meters. Trunk motion may be a significant contributor to a forward pitching 
moment. If a javelin thrower has a lot of forward lean during the throwing procedure, their 
body is pitching forwards. This forward pitching motion may be imparted directly to the 
javelin by the action of the arm, or indirectly by pulling the bottom of the javelin down and 
the front of the javelin up, which causes a compensatory motion of the front of the javelin as 
it pitches forwards due to increased drag on the bottom rear of the javelin. Excessive trunk 
tilt may negatively impact the aerodynamic distance that can be gained and release speed 
generation. 
The relationships between hip-shoulder separation, right shoulder horizontal 
adduction, right shoulder external rotation, and release speed for male javelin throwers 
suggests that throwing arm action during the delivery has significant effects on release speed 
generation (Table 4.2). Upper trunk rotation and shoulder horizontal abduction should 
increase release speed if the other factors are the same (Leigh, et al., 2008). Too much 
shoulder horizontal rotation, however, may increase the time taken to perform the throwing 
procedure and cause an overall drop in release speed. Too much rotation may also place the 
shoulder and throwing arm muscles in a disadvantageous position to generate force. It may 
be important for javelin throwers to increase release speed generation through throwing arm 
action with an optimal, not necessarily maximal, trunk and upper arm rotation in the 
horizontal plane. In addition, external rotation of the throwing arm is an important factor for 
release speed generation. A greater external rotation at right foot down will allow for greater 
internal rotation to occur during the throwing procedure. This mechanism is the primary 
method of release speed generation in other over-arm sports, such as tennis and baseball, and 
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researchers have shown that internal rotation of the upper arm accounts for 50-70% of overall 
release speed generation in these sports (Hirashima, et al., 2008; Marshall & Elliott, 2000). 
Associations between variations in performance and right leg kinematic variables 
indicate active use of the right leg during the throwing procedure. A greater right knee angle 
at left foot down suggests knee extension during the single support phase; potentially pushing 
with the right leg during the single support phase. This is a controversial topic in javelin 
throwing coaching. Some proponents of the “soft step” technique assert that any action of the 
right leg will cause braking during single support, decreasing runway speed and therefore 
decreasing release speed (Babbitt, 2001; Gorski, 1981, 2003). The coaching literature that 
advocates the soft step technique state that there is not enough time to push in single support 
and the right leg must be passive (Babbitt, 2001; Gorski, 1981, 2003). The “soft step” 
technique, however, may have been misinterpreted. The key point of this technique is to have 
a yielding right leg that does not generate a large braking force during single support. This 
does not mean that the right leg must be passive. Analysis of elite javelin throwers shows that 
they have active right leg motions (Best, Bartlett, and Morris, 1996; Murakami, 2005). Once 
the COM of the thrower has passed over the base of support of the right leg, there is an 
opportunity to generate horizontal force by pushing with the right leg that will increase the 
speed of the javelin thrower, and not cause braking. This technique of right leg motion is 
supported by the correlation between right knee extension and release speed. 
A great right knee flexion at left foot down and right hip flexion at left foot down 
suggests an over extension of the right leg. Pushing with the right leg may allow for a gain in 
release speed. Pushing too early, which is characterized by great knee flexion angles at 
release, may cause a drop in release speed. An early push will result in a relatively long 
113 
single support time, which will decrease runway speed due to braking effects between the 
javelin thrower and the ground. Rotation of the right hip in the horizontal plane may also be 
prevented. It is difficult for a javelin thrower to maintain a lead of the pelvis over the trunk 
by thrusting the right hip forwards if the right foot is planted far behind the COM, further 
reducing release speed. 
The statement that “there is not enough time to push with the right” (Babbitt, 2001; 
Gorski, 1981, 2003) is based on an assumption that the active right leg motion is initiated 
after the right foot has contacted the ground. There is not sufficient time for any active 
control of motion to occur during the single support phase if the ground contact is used as a 
stimulus to initiate the control of movements during this phase. The average time to complete 
an afferent-efferent loop (Klein Breteler, Simura, & Flanders, 2007; Plamondon & Privitera, 
1996; Yiou & Do, 2001) is longer than the duration of the single support phase (0.226 
seconds on average). Movements in the single support phase, therefore, must be initiated 
before ground contact. This suggests that the javelin throwing procedure is a series of pre-
programmed open loop movements and does not rely on a reaction to an external stimulus. 
Javelin throwers, therefore, actually start the right leg pushing movement before the right 
foot contacts the ground. This may also explain the lack of a correlation between timing 
variables and performance. Pre-programmed open loop movements actions are characterized 
by their relative consistency with differences occurring in the magnitude of the movements, 
not the timing (Breteler, et al., 2007; Plamondon & Privitera, 1996; Yiou & Do, 2001). If 
javelin throwing is a series of pre-programmed open loop movements, timing would be 
expected to be similar across trials as shown in a recent study (Liu et al, 2010). 
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The relationships between technique variables and performance varied between males 
and females, which indicates that the factors that determine the variations in performance are 
different for males and females. However, these differences should not be interpreted as 
differences in throwing techniques between the genders. For male javelin throwers, the 
correlation analyses suggested that a trunk tilt strategy, right leg action, and throwing arm 
motion influenced performance, whereas these did not account for variability in the 
performance of female javelin throwers. This shows that the gain of the speed of the javelin 
during the delivery was more variable between male throwers than female throwers. These 
differences may be attributed to the difference in background and training between male and 
female javelin throwers. American male javelin throwers tend to come to the javelin throw 
from a background in baseball or American football. American female javelin throwers tend 
to come to the javelin throw from a background in volleyball or softball. Different skills are 
required for these different sports, and American football and baseball training may 
emphasize motions of the trunk and the arm more than volleyball and softball. These 
differences may also be attributed to the differences in upper body strength between the 
genders. Males tend to have greater upper body strength than females, and effective use of 
this upper body strength through trunk tilt and throwing arm motion may be important to 
gain additional release speed over that generated from the approach run and block. 
The results of the multiple regression analyses support the hypothesis that the 
shoulder, elbow, wrist, hip, knee, and ankle joint motions and trunk rotations are related to 
the release speed, the aerodynamic distance, and the official distance in javelin throwing, and 
that these relationships are complex. Again, these relationships were different between males 
and females, suggesting there are gender effects in the technique of throwing the javelin. 
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For female javelin throwers, variance in official distance was accounted for by a 
combination of COM speed at left foot down, hip-shoulder separation at left foot down, and 
right knee angle at right foot down (Table 4.5). This result suggests that female javelin 
throwers who maintain their release speed up to their block, and gain release speed through 
horizontal plane actions of their hips, and actively use their right leg to push during the single 
support phase throw furthest. These results are primarily related to increasing the release 
speed as indicated by COM speed at left foot down also accounting for variance in release 
speed (Table 4.7). These results suggest that increasing release speed, primarily through 
lower actions on the runway, should be the focus of female javelin throwers wanting to 
increase their performance. 
For male javelin throwers, variance in official distance was mainly explained by a 
combination of trunk tilt at release, throwing procedure time, and right shoulder horizontal 
adduction angle at release. This result suggests that male throwers who use a strong trunk tilt 
strategy to increase release speed, and perform the throwing motions quickly, and who do not 
over-rotate in the horizontal plane throw the furthest (Table 4.6). These results are also 
primarily related to increasing release speed, as indicated by right shoulder horizontal 
adduction and trunk tilt also accounting for variance in release speed (Table 4.8). Trunk tilt at 
release and right shoulder horizontal adduction angle at release were found to share variance 
in official distance, which suggests an interaction effect. As previously described, excess 
trunk tilt may be detrimental to javelin throwing as the potential gain in release speed 
through a trunk tilt strategy may be offset by a loss in release speed due to a necessary 
increase in release angle. When the trunk tilt is forwards relative to the horizontal, the javelin 
thrower needs to throw at a much steeper angle relative to the orientation of their trunk to 
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throw the javelin for great distance. As has been shown in previous studies, increasing the 
release angle is associated with a decrease in release speed, due to the line of action of the 
upper body musculature, and the effects of gravity (Leigh, Liu, Hubbard, & Yu, 2010; 
Linthorne, 2001; Linthorne & Everett, 2006). The interaction between trunk tilt and right 
shoulder horizontal adduction angle may reflect the relationship between release angle and 
release speed. An increased forward trunk tilt may require an associated decrease in right 
shoulder horizontal adduction to maintain a release angle above the horizontal. The restricted 
horizontal adduction motion is required because the line of action of the shoulder 
musculature would cause a lower release angle with greater horizontal adduction. 
For both male and female throwers, variance in aerodynamic distance was accounted 
for by technique variables that were different to the technique variables that accounted for 
variance in official distance and release speed (Tables 4.9–4.10). This suggests that 
aerodynamic distance can be increased independently of release speed. For male throwers, 
however, the variables that accounted for variance in aerodynamic distance were right knee 
angle at left foot down, loss in COM speed in single support, and hip-shoulder separation at 
right foot down (Table 4.10). These technique variables are related to a decrease in release 
speed, and release speed is significantly correlated with aerodynamic distance (Table 4.4), 
suggesting the two are not independent. Gaining aerodynamic distance may require a 
submaximal release speed to gain control of the release. 
Javelin inclination angle at release accounted for some of the variance in aerodynamic 
distance for female javelin throwers (Table 4.9). The javelin inclination angle was previously 
shown to be related to decreasing the angle of attack to decrease the drag forces and thus 
increasing aerodynamic distance. The significant negative correlation between the right 
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elbow angle at right foot down and aerodynamic distance suggests elbow flexion is the 
mechanism female javelin throwers used to control the inclination of the javelin at the 
release. The negative correlation reflects a smaller amount of elbow flexion, which means a 
straighter arm. For a given shoulder rotation, a smaller elbow flexion angle will lower the tip 
of the javelin and make it easier to keep the inclination of the javelin low. 
Longitudinal Studies 
The longitudinal studies were conducted with individual javelin throwers who had at 
least 10 trials available for analysis. The results are different between javelin throwers as a 
group and individual throwers, because the relative importance of technique varies depending 
on differences in technical training, anthropometrics, and specific strength and physical 
characteristics. 
Significant correlations between technique variables and performance for individual 
throwers further supports the hypothesis that the shoulder, elbow, wrist, hip, knee, and ankle 
joint motions and trunk rotations are related to the release speed, the aerodynamic distance, 
and the official distance in javelin throwing. Like the findings of the cross sectional analyses, 
technique variables representing great COM speeds, throwing arm motion, and inclination of 
the javelin were found to determine differences in performance for individual throwers. This 
further supports the common characteristics of javelin throwing of: increasing the available 
momentum of the javelin thrower and javelin system to be transferred to javelin release speed 
during the throwing procedure, use of arm motion to further increase the gain in release 
speed during the delivery, and accurately releasing the javelin to minimize drag forces. Like 
there were differences between genders in the technique variables that determined 
differences in performance, there were also differences between the cross sectional groups 
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and individual subjects. This suggests that there are effects on technique which are subject 
specific, such as their physical characteristics of height and limb length, their strength and 
speed characteristics, and their training background. 
Variation in aerodynamic distance had significant effects on the variation in official 
distance for subject F1. Release speed, however, was not significantly correlated with official 
distance. This is a surprising result, since release speed is the principal determinant of 
vacuum flight distance, which is the major partial distance of official distance. This suggests 
that for Subject F1, aerodynamic distance is the principal determinant of the difference in her 
throwing performance. Release speed and aerodynamic distance were negatively correlated 
(Table 4.12). This suggests that a gain in aerodynamic distance, coming from a decrease in 
release speed to gain control of the release, results in a greater official distance than a 
primary focus on a gain in release speed. An increase in aerodynamic distance and official 
distance should be accomplished by pointing the javelin slightly toward the right side of the 
sector. By pointing her javelin to the right side of the sector, Subject F1 may be able to take 
advantage of the Magnus force gained by the clockwise rotation of the javelin about its long 
axis combined with air movement against the left side of the javelin. The Magnus force is a 
force that results from air pressure differences on opposite sides of a rotating object. As the 
javelin moves forwards angled to the right side of the throwing sector, air will flow over the 
javelin from left to right when viewed behind. A right handed thrower pronates their wrist as 
they release the javelin, which causes their index finger to push down on the right side of the 
javelin and causes it to spin clockwise when viewed from behind. This clockwise spin of the 
javelin combined with a left to right air flow causes air to increase in speed as it passes over 
the top of the javelin and to decrease in speed as it passes underneath the javelin. Bernouilli's 
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principle shows that the fast moving air has a lower pressure than the slow moving air. This 
pressure difference results in a Magnus force pointing in the direction of the low pressure. In 
this case the Magnus force would be directed upwards. Similar to the effect of lift force, the 
Magnus force counteracts the force of gravity and results in a longer aerodynamic distance 
(Bertin, 2001). Given that aerodynamic distance is a significant factor in throwing far, 
Subject F1 should focus on the accuracy of her release more than the speed of her release. 
Release height was a significant factor in the gain of release speed and official 
distance for Subject F2. Releasing from a greater height was associated with greater release 
speeds and longer official distances. A greater release height will increase the distance 
thrown through its positive linear relationship with the flight distance if technique is 
unaffected. The increase in release height seems to have been achieved by a vaulting action 
and extension of her left leg. By maintaining a straight left leg that increased in inclination 
above the ground from left foot down to release, Subject F2 was able to use her leg like a 
pole vaulter uses their pole. This action aids in the gain of release speed by reducing the 
energy lost due to knee flexion during the block and allowing a more efficient transfer of 
momentum to javelin release speed. This lower body action also aids in the gain of vertical 
release velocity as the javelin thrower is thrown upwards. A gain in vertical release velocity 
will increase the release angle for a given horizontal release velocity. The vaulting action 
may allow a javelin thrower to maintain their overall release angle, but develop greater 
release velocity through performing upper body motions at a relatively lower angle closer to 
their favored line of action. This would lead to a greater overall release speed at the same 
release angle. 
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Subject F3 showed similar left leg vaulting actions associated with differences in 
performance. Great runway speed maintained up to her block, and a long final stride that 
resulted in a strong vaulting action of her left leg allowed Subject F3 to generate high release 
speeds at relatively steep release angles. For Subject F3 there appears to be a very specific 
release angle range associated with her maximum release speed, and even small deviations 
from that angle are associated with decreases in release speed (Figure 5.1). This poses a 
challenge with release accuracy, because the range of release angle for high release speed is 
small, therefore, the range of javelin inclination angles to minimize drag is also small. 
Subject F3 tends to release the javelin at too steep an angle, which causes large drag forces 
and reduces the flight of the javelin. This phenomenon is exacerbated at high release speeds, 
because at a given angle of attack an increase in release speed will result in a higher drag 
force. 
For Subject M1, release speed generated through upper body motion was the 
principal determinant in the difference between performances. Contrary to previous results, 
Subject M1 had a reduced release speed with greater COM speeds and a greater loss of COM 
speed during the block. This may indicate a lack of ability to control the momentum he 
generated from his approach run. Variation in Subject M1’s release speed generation was 
associated with an increase in the acceleration path of the javelin through greater horizontal 
adduction action of the right shoulder, and greater external followed by internal rotation of 
the right shoulder, along with a trunk tilt strategy and a push from his legs during the 
throwing procedure. These results suggest Subject M1 was reliant on upper body strength 
rather than effective use of his COM speed. 
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For Subject M2, balancing a gain in release speed with a loss in aerodynamic distance 
is the biggest determinant in throwing long official distances. When Subject M2 releases 
more towards the center of the sector with an abducted arm, his release speed is higher, 
which suggests the line of action of his musculature is directed more towards the center of 
the sector. This direction of release, however, will not allow him to take advantage of the 
Magnus force to generate additional lift for greater aerodynamic distances. Aerodynamic 
distance increase for Subject M2 is correlated with a prolonged single support phase, less 
runway speed at the block, throws further towards the right side of the sector, and less trunk 
tilt and javelin inclination. The prolonged single support phase and runway speed at the block 
have previously been shown as important for release speed generation. This suggests Subject 
M2 has difficulty controlling the release to accurately throw the javelin and gain 
aerodynamic distance as he focuses on increasing release speed. The trunk tilt and orientation 
of the throw to the middle of the sector are related to both release speed generation and 
aerodynamic distance specifically for Subject M2, but the directions of the relationships are 
opposite for release speed ad aerodynamic distance. This means Subject M2 must optimize 
these variables to gain enough release speed and minimize the loss in aerodynamic distance 
for the greatest overall official distance. 
For Subject M3, official distance did not correlate significantly with any of the partial 
distances, neither lost distance, vacuum flight distance, nor aerodynamic distance. This is an 
extremely surprising result. In a multiple regression analysis, a combination of the three 
partial distances accounted for 100% of the variation in official distance. This indicates that 
variation in official distance was dependent on different factors for each throw, that Subject 
M3 has an inconsistent technique, and that factors other than technique are primarily 
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responsible for differences in performance. Official distance was correlated with greater hip 
and knee flexion angles during the throwing procedure for Subject M3. Lower body strength 
is likely to be a significant factor determining the difference in performance for Subject M3. 
The results of this study show that the motions of the body during the throwing 
procedure of throwing the javelin have significant effects on javelin throwing performance. 
There are gender and subject specific differences in technique, which may be attributed to 
factors other than technique, such as the background, or the varying strength and speed 
characteristics of the javelin throwers. Release speed is the greatest determinant in the 
difference in official distances. Female throwers tend to have variations in their release 
speeds correlate with differences in their COM speeds, and male throwers tend to have 
variations in their release speeds correlate with technique variables reflecting upper body 
motion. There may be a threshold where upper body action becomes a bigger determinant in 
the difference in release speeds where COM speed gets proportionally high. 
The results of this study also suggest that the major partial distances of vacuum flight 
distance and aerodynamic distance are related, and that a gain in release speed may cause a 
loss in aerodynamic distance through a loss of control of the release. To maximize official 
distance javelin throwers may need to throw at submaximal release speeds to gain control of 
the release, and increase their maximum release speed to proportionally increase their 
submaximal release speed. 
 
Technique and Injury 
A survey of 151 javelin throwers from the United States, Europe, and Australia, 
revealed that every thrower who had competed for three years or more had suffered a serious 
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injury while competing in the javelin throw. Only three throwers who completed the survey 
had never missed competition or practice time due to an injury. Every thrower who had 
missed time due to a serious injury required surgery or repeated physical therapy sessions. 
The belief that American javelin throwers have a higher incidence and prevalence of 
throwing related injuries was not supported with this survey. Javelin throwing has a very 
high injury prevalence. Javelin throwing is similar to American football in terms of the 
number of injuries and the number of treatment procedures required (Brophy, et al., 2009). 
Unlike American football, javelin throwing is not a contact sport, but has a similarly greater 
injury prevalence than non-contact sports, such as baseball (Andrews & Fleisig, 1998; 
Dillman, et al., 1991; Escamilla, et al., 2007; Werner, et al., 2002). Like other sports, injuries 
and required treatment procedures in javelin throwing have significant healthcare costs, and 
negatively affect the quality of life of the athlete. The violent nature of the injuries has great 
potential for secondary and degenerative disorders later in life. The prevalence and severity 
of injury is a serious concern for javelin throwers. 
The most common location for a javelin thrower to suffer an injury is to the shoulder 
or the elbow, which is similar to other over-arm throwing sports, such as baseball and cricket. 
Javelin throwers also have a high trunk injury prevalence, which is similar to that in bowlers 
in cricket (Ferdinands, Kersting, & Marshall, 2009; Ferdinands et al, 2010). It has been noted 
that both these sports involve a high speed approach run component and more whole body 
movements than baseball pitching. Lower extremity injuries, especially knee injuries, are 
more common in javelin throwers than baseball pitchers or cricket bowlers. 
Some of the injuries reported in the study did not occur during javelin specific 
training or competition. These results were not discounted, however, because this is an 
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exploratory study investigating only associations between injury and techniques. All injuries 
occurred before any kinematic analyses were conducted, so the results of these studies can 
not distinguish between the effects of the injuries and the causes of the injuries. 
The results of the kinematic analyses of javelin throwing partially support the 
hypothesis that javelin throwers have joint and segment positions associated with injuries 
reported in the literature. An extended elbow with the arm out to the side during a time of 
rapid arm acceleration was recorded in about 10% of trials. This body position may increase 
the moment of inertia of the throwing arm. When the upper arm is internally rotated, the 
forearm does not immediately move with the upper arm, due to inertial lag. This rapid 
internal rotation of the upper arm without a corresponding motion of the forearm produces 
external elbow valgus torque that tends to separate the medial epicondyle of the humerus 
from the coronoid process of the ulna. This external elbow valgus torque generates a huge 
tensile stress in the Ulnar Collateral Ligament as the UCL acts to resist it (Dillman, et al., 
1991; Fleisig, et al., 1995). 
A failure to maintain lead of the pelvis over the trunk before the release was found in 
about 5% of trials. This body position was hypothesized as a risk factor for shoulder and 
elbow injuries (Aguinaldo, Buttermore, & Chambers, 2007; Lyman & Fleisig, 2005). The 
failure to maintain lead of the pelvis over the upper trunk means that the shoulder and arm 
rather than the trunk rotator musculature must generate the torque necessary to throw at high 
speeds. As previously described, a significant portion of the release speed is generated by the 
lower body and trunk. Removing this contribution places a huge demand on the shoulder and 
arm muscles to compensate to maintain release speed. This will cause fatigue of the shoulder 
muscles, particularly the shoulder stabilizers, and the triceps will be recruited to assist with 
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shoulder stabilization (Escamilla, et al., 2007; Fleisig, et al., 1995; Lyman & Fleisig, 2005). 
Decreased shoulder stabilization increases the likelihood of shoulder dislocations. 
Recruitment of the triceps may cause an extended elbow position, with the previously 
described injury risks to the UCL. 
A straight knee at impact, defined as a left knee angle of greater than 160 degrees at 
left foot down, was observed in 50% of all trials. A straight knee during landing has been 
repeatedly shown as a risk factor for ACL injury (Boden, Griffin, & Garrett, 2000; Lin, et al., 
2009). An extended knee during landing generates a great external knee flexion torque, 
which is resisted by an internal extension torque caused by contraction of the quadriceps. The 
strong contraction of the quadriceps with an extended knee causes anterior motion of the 
tibia, which loads the anterior cruciate ligament. Although the injury mechanisms were 
determined from studies investigating jump landings, which are different movements to 
javelin blocking, the high impact nature of both suggests a similar injury mechanism is 
plausible. 
Javelin throwers have been shown to suffer from similar injuries as other sports, and 
to achieve the body positions associated with those injuries as the athletes in other sports do. 
This suggests there may be similarities in the mechanism of injury between javelin throwing 
and other over-arm throwing sports. 
The results of the kinetic analysis of javelin throwing support the hypothesis that 
javelin throwers have great shoulder and elbow joint forces and torques during javelin 
throwing. The maximum elbow varus torque, the maximum elbow flexion torque, the 
maximum elbow joint resultant force, the maximum shoulder internal rotation torque, the 
maximum shoulder horizontal abduction torque, the maximum shoulder joint anterior shear 
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force, and the shoulder joint resultant force were all greater than their corresponding 
threshold values for injuries reported in the literature (Table 4.18). A great internal elbow 
varus torque is associated with increased stress of the UCL as it is one of the structures that 
acts to provide the internal elbow varus torque necessary to resist the external valgus motion 
at the elbow during throwing movements (Andrews & Fleisig, 1998; Dillman, et al., 1991; 
Fleisig, et al., 1995; Gerbino, 2003; Petty, et al., 2004; Werner, Fleisig, Dillman, & Andrews, 
1993; Werner, et al., 2002). A great internal elbow varus torque was found in all javelin 
throwing trials (Table 4.18), and UCL rupture is a common injury in javelin throwing. 
A great internal elbow flexion torque is primarily developed by great tension from the 
biceps. This is associated with rupturing of the biceps tendon as the tension in the tendon 
may exceed its ultimate load (Baker & Bierwagen, 1985; Safran & Graham, 2002). This 
internal elbow flexion torque is also associated with tearing away of the superior glenoid 
labrum. The tendon of the long head of the biceps tendon attaches to the supraglenoid 
tubercle of the scapula at the superior part of the glenoid labrum. A strong contraction of the 
biceps brachii may develop enough force to tear the glenoid labrum away from the bone 
(Andrews, Carson, et al., 1985; Dillman, Fleisig, & Andrews, 1993;Fleisig, et al., 1995). 
A great elbow joint resultant force is related to bone fracture, particularly chipping of 
the elbow as the olecranon process impacts the olecranon fossa (Fleisig, et al., 1995; Fleisig, 
et al., 2006). 
A great shoulder internal rotation torque is associated with tears to the rotator cuff, 
and shoulder impingement (Andrews, Broussard, et al., 1985; Andrews & Fleisig, 1998; 
Bechler & Jobe, 1994; Escamilla, et al., 2007; Fleisig, et al., 1995). Rotator cuff tears are 
likely to be a primary injury, where these small muscles actively stabilize the humeral head 
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and resist external rotation during cocking. Impingement is likely to be a secondary injury 
arising from inflammation and debridement of rotator cuff and scapular muscles due to 
repetitive stress (Andrews, Broussard, et al., 1985; Andrews & Fleisig, 1998; Bechler & 
Jobe, 1994). 
A great shoulder horizontal abduction torque is associated with rotator cuff tears and 
posterior shoulder girdle muscle injury as great internal force is required from these muscles 
to stabilize the humeral head in the glenoid fossa during horizontal adduction (Andrews, 
Broussard, et al., 1985; Andrews & Fleisig, 1998; Bechler & Jobe, 1994; Fleisig, et al., 
1995). Failure of these muscles to stabilize the shoulder may lead to instability and 
subluxation (Andrews, Broussard, et al., 1985; Andrews & Fleisig, 1998; Bechler & Jobe, 
1994; Fleisig, et al., 1995). Shoulder horizontal abduction torque is further associated with 
glenoid injury. The rotating and translating motions of the humerus may compress, grind, and 
abrade the labrum between itself and the glenoid fossa (Andrews, et al., 1985; Andrews & 
Fleisig, 1998; Fleisig, et al., 1995). This torque may also be associated with labrum injury 
through a secondary mechanism of increased elbow flexion. If the rotator cuff and scapular 
muscles cannot provide enough torque to stabilize the humerus by themselves, the triceps 
may activate to assist. This activation of the triceps will cause additional elbow extension, 
requiring greater biceps activity, further stressing the biceps tendon and glenoid labrum 
(Andrews, et al., 1985; Andrews & Fleisig, 1998; Andrews, et al., 1991; Dillman, et al., 
1991; Fleisig, et al., 1995; Werner, et al., 2001). 
Great shoulder joint anterior shear force is associated with shoulder dislocation and 
labrum injury. A great shoulder joint resultant force may cause compression injuries to the 
head of the humerus, a Hills-Sachs deformity, and is associated with impingement through 
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compression of the rotator cuff muscles (Andrews, Broussard, et al., 1985; Andrews & 
Fleisig, 1998; Fleisig, et al., 1995; Werner, et al., 2001; Werner, et al., 2007). 
Torques and forces in excess of the values reported to cause injury in the scientific 
literature do not guarantee that their occurrence in a javelin thrower will result in an injury, 
but high forces in general are risk factors for fatigue and overuse injuries. These great torques 
and forces would also be borne by the surrounding structures of the joint, not just the 
structures mentioned above. The ability to withstand force is much greater in the tissues of a 
healthy athlete than a cadaveric specimen. An understanding of the torques and forces 
observed in javelin throwers is useful, because low forces and torques will probably not 
cause an acute injury to a javelin thrower. Also, normative values of the forces and torques 
that occur in the shoulder and elbow joints of competitive throwing athletes may provide 
valuable information about the relative risks of joint forces and torques to cause injuries to 
body tissues. No javelin throwers sustained an injury at the forces and torques recorded in 
this dissertation. Values less than or equal to those reported here, therefore, should not be risk 
factors for an acute injury. 
The results of the analyses of javelin throwing do not support the hypothesis that the 
timings of joint motions are associated with the shoulder and elbow joint forces and torques. 
No timing variables were found to correlate with any of the maximum joint torques and 
forces. This is a similar finding to the lack of association between timing variables and 
performance measures. The relative timings of the javelin throwing motions were similar 
among subjects, while the absolute timing varied among subjects. This suggests a relatively 
similar throwing pattern is used by all throwers, and differences only occur in how quickly or 
slowly they perform this general pattern. For force generation, this suggests that variations in 
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the magnitudes of forces and torques are not determined by the timing of throwing actions. 
Variations in the magnitudes of forces and torques may depend on the ranges of the throwing 
motion, and on other characteristics of the thrower, such as strength, flexibility, and speed. 
The results of the analyses of javelin throwing do not support the hypothesis that the 
timings of joint motions are different between athletes who have suffered a shoulder, elbow, 
trunk, groin, knee, or ankle injury and those who have not suffered one of those specific 
injuries. Javelin throwers who suffered a shoulder injury were not significantly different in 
terms of their timing of their throwing motions from javelin throwers who had not suffered a 
shoulder injury. The results were the same for the elbow, trunk, groin, knee, and ankle 
groups. This suggests that the timing of motions is not a differentiating factor for injury 
prevalence for these throwers. 
The timings of motions for these throwers are similar. The timing of motions may 
determine differences in injury prevalence between groups of throwers who do not have 
similar timings of their motion patterns. In this study the throwers with the greatest 
differences in timing were the throwers who had limited javelin throwing experience, and 
had not suffered from any serious injury. These throwers were always part of the non-injured 
group for statistical analyses. Improper sequencing and mistimed motions have been linked 
to elbow injuries in baseball pitchers. It has been shown that these can increase the risk for 
injury (Andrews & Fleisig, 1998; Dillman, et al., 1991). For example, actively externally 
rotating the upper arm during late cocking of a baseball pitch can overload the internal 
rotators of the upper arm and cause tearing. It is probable that the throws included in this 
analysis were not mistimed, because no acute injury resulted from any throw. All injuries 
reported by these javelin throwers occurred at different times to the analyzed throws. It is 
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possible their throws that resulted in injury were poorly sequenced or mistimed, but that 
cannot be determined. In this study no timing differences were found between injury groups, 
which may be because no javelin thrower used improper sequencing or mistimed motion in 
their analyzed throws. The timing of motion patterns may be an injury risk factor. 
The results of the kinematic and kinetic analyses of javelin throwing support the 
hypothesis that the shoulder, elbow, wrist, hip, knee, and ankle joint motions and trunk 
rotations were significantly correlated to the shoulder and elbow joint forces and torques. 
Several technique variables were significantly correlated to all of the selected joint kinetics 
(Table 4.19). 
Maximum shoulder and elbow joint forces and torques were all associated with a 
more inclined javelin at right foot down, a javelin oriented more towards the right at left foot 
down and release, a more horizontally abducted right shoulder at left foot down and release, 
a more externally rotated right shoulder at left foot down and a more extended right elbow at 
left foot down. These correlations suggest that upper extremity motions and javelin 
orientation during the delivery are determinants of the variations in elbow and shoulder joint 
forces and torques. The general motion pattern of horizontal abduction to adduction motion 
of the right shoulder from pre-release to release, external to internal rotation of the right 
shoulder from pre-release to release, and extension of the throwing elbow at release is similar 
to the patterns described for other throwing sports, such as baseball. A greater range of 
motion through these actions may result in greater forces, or greater forces may drive greater 
range of motion. The correlation between javelin orientation and joint resultant forces and 
moments may be due to the variation of the moment of inertia of the upper arm plus javelin 
system with varying javelin orientations. An increased moment of inertia due to a javelin 
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oriented away from the throwing direction requires greater force to accelerate the upper arm 
and the javelin. 
Maximum elbow joint forces and torques were also related to a more horizontally 
abducted shoulder at right foot down, and a more extended right elbow at release. These 
results suggest that elbow varus torque increased as the horizontal distance between the mass 
of the forearm and javelin and the elbow joint center increased due to increased elbow 
extension. The elbow resultant force may be increased due to co-contractions of the muscles 
around the elbow as they act to resist elbow joint distraction. This is a protective mechanism, 
because actively resisting elbow joint distraction will reduce the force borne by the ligaments 
in the elbow. These results further suggest that increased elbow flexion torque may be 
associated with greater activity of the biceps brachii. The biceps contracts to assist in 
shoulder stabilization during horizontal abduction-adduction motion (Andrews, et al., 1985; 
Fleisig, et al., 1995; Werner, et al., 2001). This is an injury prevention mechanism. The 
biceps may also contract to maintain maximum vertical distance between the javelin and the 
elbow joint center. The majority of the gain in release speed attributed to upper extremity 
motion is due to internal rotation of the shoulder (Hirashima, et al., 2008; Marshall & Elliott, 
2000). A greater vertical distance between the javelin and the elbow joint center increases the 
distance travelled by the javelin during the internal rotation motion. A greater distance, or 
longer acceleration path, increases the gain in release speed as force is applied for longer to 
accelerate the javelin. Maintaining elbow flexion is a performance factor, which is related to 
increased biceps brachii activity and a greater elbow flexion torque. These are common 
motion patterns observed in overarm throwing that have been described as an injury 
mechanism termed “valgus extension overload” (Dillman, et al., 1991). 
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Maximum shoulder joint forces and torques were also related to an increased COM 
speed at left foot down, a shorter single support time, a greater backwards trunk tilt at left 
foot down, and a greater hip-shoulder separation at release. These results suggest that motion 
of the body increases the force requirements of the shoulder and elbow joints. These 
technique variables are associated with greater release speeds due to greater momentum 
available to transfer to javelin release speed and longer acceleration paths of the javelin. In 
addition, these technique variables are not directly related to shoulder and elbow motion. It is 
probable, therefore, that the associations between these technique variables and shoulder and 
elbow forces and torques reflect the forces needed to control the additional momentum added 
by whole body motion. 
The hypothesis that the shoulder, elbow, wrist, hip, knee, and ankle joint motions and 
trunk rotations were significantly related to injury occurrence was supported by the findings 
of this study. There were differences in technique variables between injured and uninjured 
javelin throwers, and these differences varied by gender and by injury location. 
Three performance and technique variables were common to both males and females 
who were injured, however, the injury sites were different. Male and female javelin throwers 
with injuries had longer official distances, oriented their javelins more to the right of the 
sector at right foot down, and had more abducted shoulders at left foot down than their 
uninjured counterparts. Only official distance, however, was related to the same injury 
location for males and females. Longer official distances were associated with shoulder 
injuries in both male and female javelin throwers. This relationship suggests that improved 
performance may be associated with an increased shoulder injury risk. This does not mean 
that throwing further places a javelin thrower at a greater risk for a shoulder injury per se, but 
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it does suggest that some of the factors related to improved performance and shoulder 
injuries may be the same. 
Technique variables that explain variation in performance and shoulder injury are 
different between males and females. Female javelin throwers did not have any technique 
variables that were associated with both improved performance and shoulder injury. For male 
javelin throwers, more abducted right shoulders at left foot down and release were associated 
with longer official distances and shoulder injuries. Increased use of the shoulder to gain 
distance may be related to shoulder injury through fatigue and overuse mechanisms in male 
throwers. Of the javelin throwers included in this analysis, those with greater performances 
have been throwing for more years, which indicates a possible overuse or fatigue mechanism 
of injury, as has been reported in baseball pitching research (Escamilla, et al., 2007). 
Excessive use of the shoulder muscles may lead to chronic injuries as soft tissue is worn 
down and fibers fray- and acute injuries as soft tissue mechanical properties are decreased 
with fatigue allowing rupture to occur at lower tensions. There may also be differences in the 
physical characteristics between javelin throwers with longer careers and official distances 
and those with shorter careers and official distances. An increase in strength may allow an 
athlete to throw further by increased force and torque generation. This may increase the risk 
for excessive joint loading when techniques go wrong even slightly. 
A longer official distance was associated with trunk injuries for female javelin 
throwers, but with knee injuries for male throwers. A javelin orientation more to the right of 
the sector at right foot down was associated with trunk injuries for female javelin throwers, 
but with shoulder injuries for male javelin throwers. A more abducted shoulder at left foot 
down was associated with trunk injuries for female javelin throwers, but with shoulder 
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injuries for male javelin throwers. These gender differences in the associations between 
injury locations and technique variables suggest there may be gender differences in the 
location of the ‘weak link’ or ‘bottle neck’ of the motion – the location where the significant 
musculoskeletal stresses developed by throwing the javelin first exceed the ultimate strength 
and energy absorption capabilities of the bone and soft tissue (Bartionetz, 2006). For female 
throwers, the weak link or bottle neck appears to be the trunk, whereas for male throwers, the 
weak link appears to be the knee and the shoulder. The shoulder has been noted as the most 
likely site for injury in throwers due to its flexibility and instability coupled with great force 
generation (Bartionetz, 2006). There may be differences in the strength and flexibility 
characteristics or the material properties of the trunk and shoulder tissues between males and 
females causing relatively higher stresses in the trunk for females and the shoulder for males. 
Gender differences in techniques may also lead to relatively higher trunk stresses for female 
throwers and relatively higher shoulder stresses for male throwers. 
The technique variables associated with shoulder injuries are also different between 
genders. Female javelin throwers with shoulder injuries had shorter double support times. 
These findings suggest that shoulder injuries in female javelin throwers may be related to the 
high forces required to perform throwing motions quickly. Given that general technique and 
relative timings are consistent among female javelin throwers, a shorter double support phase 
means that greater forces and moments might have been generated. 
Male javelin throwers with shoulder injuries had javelins oriented more to the right of 
the sector at right foot down and left foot down, greater hip-shoulder separations at right foot 
down, and more horizontally abducted shoulders at left foot down and release. These 
findings suggest that shoulder injuries in male javelin throwers are related to increased 
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motion at the upper trunk and shoulder joint, which are also determinants of variation in 
official distance. Javelin directions pointing more toward the right side of the throwing sector 
before release and greater hip-shoulder separations before release reflect a "wrap" technique 
(Bartionetz, 2006). A wrap technique is where the thrower exhibits great trunk twist towards 
the throwing arm, and great throwing shoulder horizontal abduction. It is so called because 
they try to warp the javelin around the back of their body. This technique requires 
considerable motion of the upper trunk and shoulder. A wrap technique and great horizontal 
adduction motion of the shoulder in double support suggests that a large shoulder range of 
motion occurs before release. Great muscular forces are required to accelerate upper 
extremities through a large range of motion before release. Shoulder injuries in male javelin 
throwers, therefore, may be related to great muscular forces needed to accelerate the upper 
extremity through a large range of motion for male javelin throwers. 
The great forces generated by throwers as a cause of shoulder injuries in javelin 
throwing can be seen from anecdotal evidence of specific javelin throwers’ injuries. An elite 
javelin thrower competing at the 2001 world championships in athletics dislocated his right 
arm during a competitive throw. All forces associated with this throw were generated by this 
athlete's throwing actions. He was diagnosed with an anterior dislocation, a Bankart lesion of 
the inferior gleno-humeral ligament, and a Hill-Sachs deformity to the posterior superior 
humeral head (IAAF, 2001). Cancellous bone of the humerus has a mean indentation 
modulus of 309 Million Pascals (Dunham et al 2005), meaning for an indentation to an area 
of 0.04 m2, a force of more than 12,500 N was generated during the impact of his humerus. 
The technique variables associated with elbow injuries were also different between 
genders. Female javelin throwers with elbow injuries had relatively longer single support 
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phases and relatively shorter double support phases, and greater elbow flexion at release. 
Male javelin throwers with elbow injuries did not have significant differences in technique 
variables compared with male javelin throwers without elbow injuries. These results suggest 
that for female javelin throwers the great force requirement to move quickly during double 
support may be responsible for an elbow injury, as previously discussed for shoulder injuries. 
The finding of greater elbow flexion at release associated with more elbow injuries is 
at odds with previous research that found a higher injury risk to in the elbow with less flexion 
during the acceleration phase of a throw (roughly equivalent to left foot down to release in 
javelin throwing) (Dillman, et al., 1991; Fleisig, et al., 1995). The association between elbow 
extension and UCL tension was hypothesized to be caused by a shift of the mass of the 
forearm away from the center of rotation of throw, causing an increase in the moment of 
inertia of the forearm, which required additional varus torque to balance (Dillman, et al., 
1991; Fleisig, et al., 1995). An increased forearm moment of inertia may occur with greater 
flexion angles depending on the orientation of the rest of the body and the upper arm. It is 
more likely, however, that the increased elbow flexion angles are as a result of the injury and 
a protective mechanism against re-injury, rather than a cause for the initial injury. These 
results also suggest that technique is not a factor affecting elbow injury prevalence for male 
javelin throwers. A maximum elbow varus torque of male javelin throwers was greater than 
the proposed threshold of elbow varus torque for elbow injury in every trial, which indicates 
that male javelin throwers have a high risk for elbow injury in every trial regardless of 
technique differences, and protective mechanisms, such as muscle and tendon strength about 
the elbow joint are responsible for differences in injury. 
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UCL injuries in javelin throwing support internal rotation as the principal mechanism 
of injury. Traditional research has indicated that purely internal rotation of the upper arm 
during the acceleration phase of throwing is the cause of UCL injury (Andrews & Fleisig, 
1998; Dillman, et al., 1991; Feltner & Dapena, 1986; Fleisig, et al., 1995). The internal 
rotation creates extreme external valgus torque at the elbow due to the internal rotation of the 
upper arm and inertial movement of the forearm that must be balanced by an internal varus 
torque generated by the soft tissue on the medial side of the elbow, and this torque reaches 
maximum just before maximum external rotation. A recent hypothesis, however, has 
suggested that the internal rotation is not the primary mechanism, because during internal 
rotation the medial muscles of the elbow are contracting and protect the UCL. This 
hypothesis suggests that the change in direction associated with the cocking motion of the 
throwing arm moving backwards into position to internally rotate is the cause of the UCL 
injury (Marshall, 2009). Javelin throwers do not have the same ballistic cocking movement 
that baseball throwers do, because they withdraw into position to throw during the approach 
run, well before internal rotation occurs. They do have the internal rotation motion and the 
same high internal elbow varus torques as baseball throwers, however, as well as a high 
incidence of UCL injury. This is in agreement with the traditional research that suggests 
internal rotation action as the injury mechanism. The traditional research and the newer 
hypothesis and this study have all shown that the instant just before maximum internal 
rotation has the highest internal elbow varus torque regardless of proposed injury 
mechanism. 
The technique variables associated with trunk injuries were also different between 
genders. Female javelin throwers with trunk injuries had greater stride lengths, lower javelin 
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inclinations and more rightward javelin orientations at right foot down, and more right 
shoulder horizontal abduction at left foot down in comparison to female throwers without 
trunk injuries. Male javelin throwers with trunk injuries had more extended right knees at left 
foot down and more extended left knees at release in comparison to male throwers without 
trunk injuries. For female javelin throwers these technique variables suggest a more closed, 
or side-on body position at right foot down with a long stride and an opening of the shoulders 
at left foot down. This action may cause significant trunk torsion during single support, and 
this torsion is desired by javelin throwers as it may act to increase the release speed by 
adding elastic reflex force during the throw as the trunk rotates during double support. The 
elastic energy stored by the trunk as the result of the torsion may be too great to be safely 
stored and released by the muscles of the trunk. A long stride may exacerbate this, because 
with a long stride before the torsion is released, there may be limited chance for the lower 
extremities to help dissipate the stored energy. The characteristic extended knees in male 
javelin throwers may be related to this storage of elastic energy in the trunk muscles. With 
limited lower extremity motion, the trunk must dissipate all the stored energy alone in 
eccentric flexion action. An inability to dissipate energy in the upper extremity has been 
reported as an injury risk factor in baseball pitching (Andrews & Fleisig, 1998; Fleisig, et al., 
1995), and trunk injuries may follow a similar mechanism. 
The technique variables associated with groin injuries were also different between 
genders. Male javelin throwers with groin injuries had significantly more extended right 
knees at release in comparison to male throwers without groin injuries. Female javelin 
throwers with groin injuries did not have significantly different variations in technique 
variables compared with female javelin throwers without groin injuries. The prevalence of a 
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groin injury in female javelin throwers was low. This injury is not a significant concern for 
female javelin throwers. Among the female javelin throwers with groin injuries their 
technique did not account for variations in injury prevalence. For male throwers, an extended 
right knee at release indicates a large stride length. The incidence of groin injury in male 
javelin throwers may be related to a lack of flexibility in the hip adductors as these may 
become stretched past the range for injury with a long stride. This injury may also be related 
to a mistiming of getting the right foot down, since planting the right foot early will cause it 
to be further behind the hips at release at equal COM speeds. 
The technique variables associated with knee injuries were also different between 
genders. Female javelin throwers with knee injuries had significantly longer single support 
times, more backwards trunk tilts at left foot down, more extended left hips at left foot down, 
and a more upright left leg-ground angle at left foot down in comparison to female throwers 
without knee injuries. Male javelin throwers with knee injuries had significantly longer 
official distances, and significantly shorter throwing procedure times in comparison to male 
throwers without knee injuries. For female javelin throwers, the technique variables are 
associated with a hard landing onto the left foot at left foot down, with a COM shifted 
posteriorly. This type of landing will elicit a great flexion torque relative to the knee due to 
great ground reaction forces that must be counteracted by a great extension moment by 
muscular contractions of the left quadriceps to prevent collapse and allow the left knee to 
continue to extend during double support. A knee extension moment has been repeatedly 
shown as a risk factor for an ACL injury, as it generates a great anterior shear force at the 
proximal end of the tibia (Lin, et al., 2009). For male javelin throwers, the associations 
between technique and knee injury do not seem to be related to body position. A short time 
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for the throwing procedure suggests the throwing actions happen rapidly. For male javelin 
throwers, then, knee injuries may be due to generally high forces to produce quick motion 
and a decreased time to dissipate the high forces. 
Technique variables associated with ankle injuries are also different between genders. 
Male javelin throwers with ankle injuries had significantly lower COM speeds at right foot 
down and left foot down in comparison to male throwers without ankle injuries. Technique 
variables were not significantly different between female javelin throwers with and without 
ankle injuries. A slower runway speed for male javelin throwers was likely a consequence of 
their ankle injuries. Anecdotally, many javelin throwers appeared to have significant 
inversion motions at their left ankles during double support. As they rotated about the planted 
left leg to move from a closed position side-on to the throwing direction to facing the 
throwing direction, the inversion motion appeared to be a reaction to this rotation. Ankle 
sprains and ligament damage were expected to arise from this inversion, however only 
soreness and not injury was reported in the injury survey. This indicates that these throwers 
may have great strength in their ankle musculature, or the observed ankle movement was 
exaggerated by the relative movement between footwear and foot itself. 
The final hypothesis, that technique variables could be grouped according to their 
relationship with performance and injury risk was supported by the results of this study. 
Some technique variables were associated with performance only. Some technique variables 
were associated with injury prevalence only. Some technique variables were associated with 
both performance and injury prevalence or high forces and torques. The variables in each 
group were different between genders. 
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The COM speed in double support and the javelin inclination angle at release were 
negatively correlated with performance for male and female javelin throwers. The COM 
speed at right foot down, hip-shoulder separation at left foot down, right knee angle at right 
foot down, and right elbow at right foot down were correlated with performance for female 
javelin throwers only. The loss in COM speed in single support, javelin inclination angle at 
left foot down, trunk tilt at release, right hip angle at left foot down, and right shoulder 
rotation angle at right foot down were correlated with performance for male javelin throwers 
only. These variables account for the variation in performance, but not for differences 
between throwers with and without injuries. Therefore, these variables can be modified to 
improve javelin throwing performance without increasing injury risk. 
The technique variables associated with the performance highlight the similarities in 
javelin throwing technique in males and females. Variation in performance for both genders 
is accounted for by a loss in COM speed in double support and a lower javelin inclination. 
These technique variables are associated with the two major partial distances of vacuum 
flight distance and aerodynamic distance. Loss in COM speed in double support is related to 
vacuum flight distance through the efficient transfer of COM speed to javelin release speed 
from a powerful block, which causes a great decrease in COM speed. The javelin inclination 
was negatively correlated with the aerodynamic distance through the negative correlation 
between the angle of attack and drag force. Technique variables that account for variations in 
performance for males only have similarities to the technique variables that account for 
variations in performance for females only. Variations in performance for male and female 
javelin throwers are determined, in general, by their ability to maintain COM speed to the 
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block, increase the length of the javelin’s acceleration path, and minimize drag forces. The 
general factors of javelin throwing technique are similar for males and females. 
The javelin inclination angle at right foot down, javelin direction angles at right foot 
down, left foot down, and release, right shoulder abduction angle at right foot down, and 
right elbow flexion angle at release were associated with injuries for male and female javelin 
throwers. The double support time, relative single support time, relative double support time, 
left hip flexion angle at left foot down, and left leg angle at left foot down were associated 
with injuries for female javelin throwers only. The COM speed at right foot down, trunk 
flexion at left foot down, right knee flexion angle at release, and left knee flexion angle at 
release were associated with injuries for male javelin throwers only. These variables account 
for differences between javelin throwers with and without injuries, but not for the variation in 
performance. These variables may be related to an increased injury risk, therefore, these 
variables may be modifiable to reduce the risk of injury without affecting javelin throwing 
performance. 
The technique variables that are associated with injuries indicate similarities and 
differences in the mechanism of injury between males and females. Orientations of the 
javelin, and motion of the shoulder and elbow are associated with injuries for both male and 
female javelin throwers. This suggests that the motion of the throwing arm while holding the 
implement places significant stress on the joints of the throwing arm. It may be important for 
javelin throwers to carefully align the javelin to place minimal stress on the shoulder and 
elbow joints. In addition, strengthening the musculature around those joints so it can cope 
with huge joint forces and torques may be an important part of javelin throwers’ training. It 
appears these steps may reduce the risk for shoulder and elbow injury without negatively 
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impacting performance. For female javelin throwers, technique variables related injury and 
not performance are associated only with knee injuries. The primary injury risk appears to be 
to the ACL due to great knee flexion moments. For male javelin throwers, technique 
variables related to injury and not performance are associated with trunk injuries. The 
mechanism may be minimal movement and energy dissipation of the lower extremities. 
These results suggest that knee injury incidence in female throwers and trunk injury 
incidence in male javelin throwers can be reduced while performance levels are maintained. 
The results showed that some technique variables were associated with both 
performance and injuries in javelin throwing. The stride length, COM speed at left foot 
down, and elbow flexion angle at release were associated with performance as well as injury 
prevalence for female javelin throwers. The single support time, throwing procedure time, 
hip-shoulder separation angles at right foot down and release, right knee flexion angle at left 
foot down, and right shoulder abduction angle at left foot down and release were associated 
with performance as well as injury prevalence for male javelin throwers. Modifications made 
to these variables and motion patterns associated with these variables, aimed at improving 
performance may also increase injury risk. Similarly, any changes in these variables made to 
reduce injury risk may negatively impact performance. In this situation, changing technique 
may be an unacceptable strategy to prevent injury and an inappropriate strategy to improve 
performance. Strength training, altered training methods, altered training volume, and 
increased rehabilitation and treatment may be needed to improve performance without 
increasing the risk for injuries. 
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Limitations and Future Studies 
The following limitations should be kept in mind when interpreting the results of this 
study: 
Although male and female javelin throwers were analyzed separately in an attempt to 
limit the effects of the strength, anthropomorphic, and physiological characteristics of the 
athletes on performance, these were variables not controlled for and are likely to be 
important for determining the differences in performance between throwers. The difference 
in javelin mass, dimensions, and aerodynamic properties are additional confounding factors 
that will vary between genders and subjects. The biomechanical data used in this study were 
obtained in multiple competitions. Any differences in subjects’ physical and technical 
characteristics as well as different environmental conditions among competitions may have 
introduced additional variability. 
The statistical analyses performed were cross sectional in nature, so the effects of 
training and experience cannot be determined. The validity and applicability of the 
correlation coefficients and the regression equations to the constraints imposed by the human 
body has not been determined. The univariate distributions of the technique variables and 
release characteristics were not normal. A re-sampling method was employed to account for 
the non-normal distributions and to provide accurate statistics. This may have influenced the 
results of the statistical analyses, which investigated linear relationships between the 
technical parameters and discus throwing performance. No provision is included in them for 
any non-linear relationships that may be present between variables. Any non-linear 
correlations may have gone unnoticed. All results are open to different interpretations than 
the ones presented here. 
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All throwers for kinematic data collection are elite Americans. This may have 
resulted in a restricted range of variability. Many statistically significant differences were 
found, however, so the differences that were found are likely to be very meaningful. More 
differences may exist, but were masked due to limited variability among subjects. All results 
are open to different interpretations than the ones presented here. 
A mathematical term containing the distance between the tip of the javelin to the 
COM of the javelin was missing from the calculations of the partial distances. This should 
not affect the results of this study, since the parabola followed by the tip of the javelin during 
flight is approximately the same as the path of the COM, so the tip will usually contact the 
ground along the same line followed by the COM. The difference between the position of the 
tip at landing and the COM at landing will be consistent and quite small, and should not 
significantly affect the distance calculations. 
Direct contact with the competing athletes was not always possible. The kinematic 
and kinetic methods employed in this study were based on video observations. Body heights 
and masses of the subjects were not recorded at the competition. Efforts were made to obtain 
body mass and height data from official biographies posted publicly on competition websites. 
In the event that these data were not available, the average body mass of 75 Kg for females 
and 85 Kg for males and the average body height of 1.8 m for females and 1.9 m for males 
was used. These average values have an unknown effect on the data. These values have been 
used in previous studies on discus and javelin throwing (Leigh et al 2008; Liu et al 2010). 
The digitizing method where the position of obstructed landmarks were estimated 
may pose an additional threat to the validity of the joint angle data. All data were digitized by 
one investigator, so any errors would be systematic. The obstructed landmarks were 
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primarily on the non-throwing left arm, which was not used for analysis, all landmarks on the 
throwing arm could be seen at all times. The inter-rater reliability test did not reveal any 
significant errors. Mean intra-rater relative errors were below 3% for angular variables, and 
no significant differences in mean absolute and relative differences of the same variable 
among landmarks and dimensions were observed. 
The method of defining the reference frames for calculating the shoulder and hip joint 
angles may pose a threat to the validity of the joint angle data. The upper arm reference 
frame was defined using 3-D coordinates of the shoulder, elbow, and wrist joint centers. The 
thigh reference frame was defined using 3-D coordinates of the hip, knee, and ankle joint 
centers. This method may introduce significant errors to the calculations of the shoulder and 
hip joint angles if the elbow and knee joints had significant valgus or varus motion. A 
previous study did not identify any significant threats to validity of the calculations of 
movement timings (Liu et al 2010). 
All injuries were included in the analyses, regardless of whether they occurred during 
javelin participation or not. This would have an undetermined confounding influence on the 
results of the comparison between injured and uninjured participants. All injuries that were 
investigated in this dissertation were sustained before kinematic data were obtained. All 
technique differences observed between the groups may be due to the effects of injuries and 
not the cause, so some conclusions may not be valid. The data concerning the forces and 
torque values were observed during performance and are potential risk factors for future 
injury. Excessive torques and forces can cause injury regardless of previous injury status. 
The information is probably more important for javelin throwers with a previous injury 
history, since they are less likely to be able to withstand great forces and torques. 
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The major future direction for this line of research is to investigate the effects of 
intervention studies on the technique variables that are associated with performance and 
injury. It remains to be determined whether javelin throwing technique can be modified in 
the ways described in this study to improve performance. This study investigated the 
relationships between technique variables and injury prevalence, and between technique 
variables and proposed injury risk factors. The true risk factors for javelin throwing remain 
undetermined. A prospective study may be necessary to determine which technique variables 
are risk factors for injury. 
The population for this study was elite American javelin throwers. While the results 
of this study for both performance and injury have good agreement with research 
investigating other types of over-arm throwing, a comparative study investigating the 
similarities and differences between javelin throwing and other over-arm throwing sports 
would provide significant information that may allow the results of this study to be 
generalized to other sports. 
 
Summary 
Technique variables that determined differences in performance were identified, and 
differences were found in the specific technique variables that accounted for variation in 
performance between males and females. Subject specific differences were also found. These 
differences do not mean that javelin throwing technique was different between genders or 
subjects. In general, it is important for javelin throwers to use approach run speed to transfer 
momentum into javelin release speed, to increase the gain in release speed through throwing 
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arm motion during the delivery, and to control the release to minimize drag forces to gain 
aerodynamic distance. 
Technique variables that determined differences in injury prevalence were identified, 
and differences were found in the specific technique variables that accounted for variations in 
injury location between males and females. In general, great forces appear to be the 
mechanism for javelin throwing injuries. 
Some technique variables that determine differences in performance only, and some 
technique variables that determine differences in injury prevalence only were identified. 
These variables may be modified to improve performance without increasing injury risk, or 
to decrease injury risk without affecting performance. For technique variables that affect both 
injury prevalence and performance, other training methods and treatments may be necessary 
to allow for improved performance without increased injury risk. 
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Table 3.1. Subject Demographics: mean (standard deviation) age, body height, body 
mass, and greatest official distance for all subjects included in the 
kinematic analyses. 
 
Characteristic 
Female Male 
Mean (S.D.) Range Mean (S.D.) Range 
Age (years) 22 (2) 15‒34 24 (2) 19‒48 
Body Height (m) 1.8 (0.1) 1.57‒1.83 1.9 (0.1) 1.79‒1.93 
Body Mass (Kg) 75 (1) 63‒81 85 (1) 81‒102 
Official Distance (m) 49.65 (5.56) 42.16‒66.67 71.56 (6.70) 60.61‒91.29 
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Table 4.1.  Injury Survey: number of javelin throwers who sustained an injury during 
the time they were practicing and competing by injury location and 
severity. 
 
Injury Location 
Training Time Lost (months) / HCP Visits 
0‒3 / 0‒5 4‒6 / 6‒10 6+ / 11+ 
Shoulder 83 30 37 
Elbow 88 38 77 
Trunk 121 26 4 
Groin 148 3 0 
Knee 122 25 10 
Ankle 122 28 1 
Never sustained an injury 3 n/a n/a 
HCP = Health Care Professional, such as doctor or physical therapist. 
Note: Of the 151 javelin throwers who participated in the survey, some sustained multiple 
injuries to the same location at different times, and all were counted as injuries. For example, 
an injury to the right knee and an injury to the left knee of the same javelin thrower was 
counted as two unique knee injuries. Two injuries to the right elbow of the same javelin 
thrower that occurred three years apart was counted as two unique injuries.  
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Table 4.2.  Inter- and Intra-Rater Reliability: inter-rater and intra-rater mean 
absolute and relative errors for the technique variables. 
 
Technique Variable 
Inter-rater Intra-rater 
Mean 
Abs Error 
Mean % 
Error 
Mean 
Abs Error 
Mean % 
Error 
Official Distance (m) 0 0 0 0 
Aerodynamic Distance (m) 2 64 2 64 
Release Speed (m/s) 0.7 3 0.5 2 
Release Height (m) 0.1 5 0.1 5 
Single Support Time (seconds) 0.005 3 0 0 
Double Support Time (seconds) 0.004 3 0 0 
Throwing Procedure Time (seconds) 0.004 3 0 0 
Relative Single Support Time (%) 4 6 0 0 
Relative Double Support Time (%) 8 12 0 0 
Final Stride Length (m) 0.05 3 0.02 1 
Final Stride Width (m) 0.06 6 0.02 3 
Final Stride Height (m) 0.05 10 0.02 5 
COM Speed RFD (m/s) 0.3 5 0.1 2 
COM Speed LFD (m/s) 0.2 5 0.2 5 
COM Speed REL (m/s) 0.2 7 0.1 3 
Loss in COM Speed Single Support  (m/s) 0.5 25 0.2 10 
Loss in COM Speed Double Support  (m/s) 0.4 14 0.2 8 
Javelin Inclination Angle RFD (°) 3 7 1 2 
Javelin Inclination Angle LFD (°) 3 7 1 3 
Javelin Inclination Angle REL (°) 4 10 1 4 
Javelin Direction Angle RFD (°) 3 8 2 3 
Javelin Direction Angle LFD (°) 4 12 2 5 
Javelin Direction Angle REL (°) 1 8 0 0 
Trunk Tilt RFD (°) 8 28 3 11 
Trunk Tilt LFD (°) 2 12 2 12 
Trunk Tilt REL (°) 7 19 3 10 
Hip-Shoulder Separation RFD (°) 10 23 5 12 
Hip-Shoulder Separation LFD (°) 7 26 2 8 
Hip-Shoulder Separation REL (°) 6 34 3 19 
R. Hip Flexion RFD (°) 4 3 1 1 
R. Hip Flexion LFD (°) 4 3 1 1 
R. Hip Flexion REL (°) 2 2 1 1 
L. Hip Flexion RFD (°) 6 3 3 1 
L. Hip Flexion LFD (°) 2 2 2 2 
L. Hip Flexion REL (°) 3 2 2 1 
R. Knee Angle RFD (°) 3 2 1 1 
R. Knee Angle LFD (°) 2 1 1 0 
R. Knee Angle REL (°) 2 1 1 0 
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L. Knee Angle RFD (°) 1 1 1 0 
L. Knee Angle LFD (°) 1 1 0 0 
L. Knee Angle REL (°) 2 1 0 0 
L. Leg Angle LFD (°) 4 3 1 1 
L. Leg Angle REL (°) 4 2 1 1 
R. Shoulder External Rotation RFD (°) 8 9 3 3 
R. Shoulder External Rotation LFD (°) 5 8 1 2 
R. Shoulder External Rotation REL (°) 5 12 1 2 
R. Shoulder Adduction RFD (°) 2 1 1 0 
R. Shoulder Adduction LFD (°) 1 1 0 1 
R. Shoulder Adduction REL (°) 1 1 0 0 
R. Shoulder Horizontal Adduction RFD (°) 4 9 2 4 
R. Shoulder Horizontal Adduction LFD (°) 2 5 0 1 
R. Shoulder Horizontal Adduction REL (°) 3 5 1 1 
R. Elbow Angle RFD (°) 4 3 2 2 
R. Elbow Angle LFD (°) 1 1 0 0 
R. Elbow Angle REL (°) 1 1 0 0 
Abs = Absolute, COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, 
LFD = at Left Foot Down, REL = at Release.  
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Table 4.3.  Female Performance Correlations: means (Standard deviations) and 
correlation coefficients (p-values) for technique variables and their 
bivariate correlation with measures of performance for female javelin 
throwers. 
 
Technique Variable Mean (S.D.) 
Official 
Distance 
Release 
Speed 
Aerodynamic 
Distance 
Official Distance (m) 49.7 (5.6)  
0.697 
(0.000) 
0.302     
(0.111) 
Release Speed (m/s) 22.3 0.697  -0.375 (1.4) (0.000)  (0.045) 
Aerodynamic Distance (m) 3.3 0.302 -0.375  (4.0) 0.111 (0.045)  
Stride Length (m) 1.5 0.648 0.456 0.192 (0.2) (0.000) (0.013) (0.318) 
COM Speed RFD (m/s) 5.1 0.352 0.391 0.048 (0.5) (0.061) (0.036) (0.804) 
COM Speed LFD (m/s) 4.4 0.473 0.421 0.098 (0.6) (0.010) (0.023) (0.613) 
Loss in COM Speed Double Support (m/s) -1.8 -0.416 -0.157 -0.274 (0.5) (0.025) (0.416) (0.151) 
Javelin Inclination Angle REL (°) 40      (7) 
-0.140 
(0.467) 
-0.041 
(0.833) 
-0.372 
(0.045) 
COM = Center of Mass, RFD = at Right Foot Down, LFD = at Left Foot Down, REL = at 
Release. 
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Table 4.4. Male Performance Correlations: means (standard deviations) and 
correlation coefficients (p-values) for technique variables and their 
bivariate correlation with measures of performance for male javelin 
throwers. 
 
Technique Variable Mean (S.D.) 
Official 
Distance 
REL 
Speed 
Aerodynamic 
Distance 
Official Distance (m) 71.5 (6.7)  
0.738 
(0.000) 
0.252  
(0.150) 
Release Speed (m/s) 27.1 0.738  -0.331 (1.5) (0.000)  (0.056) 
Aerodynamic Distance (m) 3.3 0.252 -0.331  (4.8) (0.150) (0.056)  
Single Support Time (seconds) 0.226 -0.426 -0.220 -0.189 (0.042) (0.012) (0.211) (0.280) 
Throwing Procedure Time (seconds) 0.345 -0.508 -0.302 -0.153 (0.038) (0.002) (0.082) (0.380) 
Loss in COM Speed Double Support (m/s) -1.9 0.029 0.260 -0.415 (0.4) (0.872) (0.137) (0.010) 
Javelin Inclination Angle LFD (°) 34 -0.420 -0.406 -0.112 (6) (0.013) (0.017) (0.520) 
Javelin Inclination Angle REL (°) 36 -0.360 -0.305 -0.164 (5) (0.036) (0.079) (0.350) 
Trunk Tilt REL (°) 33 0.569 0.533 0.098 (8) (0.000) (0.001) (0.580) 
Hip-Shoulder Separation REL (°) 16 0.374 0.181 0.209 (14) (0.029) (0.305) (0.230) 
R. Hip Flexion LFD (°) 134 -0.018 0.247 -0.430 (6) (0.918) (0.159) (0.010) 
R. Knee Angle LFD (°) 141 0.214 -0.071 0.444 (5) (0.225) (0.689) (0.000) 
R. Knee Angle REL (°) 118 0.225 0.424 -0.243 (22) (0.202) (0.012) (0.160) 
R. Shoulder External Rotation RFD (°) 21 0.328 0.361 -0.101 (20) (0.058) (0.036) (0.560) 
R. Shoulder Horizontal Adduction LFD (°) -18 -0.511 -0.631 0.283 (10) (0.002) (0.000) (0.100) 
R. Shoulder Horizontal Adduction REL (°) 2        (9) 
-0.352 
(0.041) 
-0.438 
(0.010) 
0.128  
(0.470) 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release. 
155 
Table 4.5. Female Official Distance Multiple Regression: results of a multiple 
regression of technique variables onto official distance for female javelin 
throwers. 
 
R2 = 0.399, F = 7.04, p = 0.010 
Technique Variable Mean (S.D.) 
Regression 
Coefficient 
t statistic  
(p-value) Tolerance 
COM Speed LFD (m/s) 4.4 (0.6) 5.54 3.72 (0.01) 0.952 
Hip-Shoulder Separation LFD (°)  25 (14) 0.18 2.92 (0.07) 0.938 
R. Knee Angle RFD (°) 141 (10) -0.16 -1.86 (0.05) 0.985 
COM = Center of Mass, R. = Right, RFD = at Right Foot Down, LFD = at Left Foot Down.  
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Table 4.6. Male Official Distance Multiple Regression: Results of a multiple 
regression of technique variables onto official distance for male javelin 
throwers. 
 
R2 = 0.658, F= 22.16, p < 0.001 
Technique Variable Mean (S.D.) 
Regression 
Coefficient 
t statistic  
(p-value) Tolerance 
Throwing Procedure Time    
(seconds) 
0.345 
(0.038) -103.83 -5.74 (0.00) 0.966 
Trunk Tilt REL (°) 33 (8) 0.41 4.66 (0.00) 0.864 
R. Shoulder Horizontal Adduction 
REL (°) 2 (9) -0.21 -2.46 (0.02) 0.838 
R. = Right, REL = at Release. 
Note: Possible multi-colinearity was observed between trunk tilt at release and right shoulder 
horizontal adduction angle at release. These two variables significantly correlate (r = -0.369, 
p = 0.032). 
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Table 4.7. Female Release Speed Multiple Regression: results of a multiple regression 
of technique variables onto release speed for female javelin throwers. 
 
R2 = 0.145, F = 5.91, p = 0.023 
Technique Variable Mean (S.D.) 
Regression 
Coefficient 
t statistic  
(p-value) Tolerance 
COM Speed LFD (m/s) 4.4 (0.6) 1.06 2.41 (0.02) 1.000 
COM = Center of Mass, LFD = at Left Foot Down.  
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Table 4.8. Male Release Speed Multiple Regression: results of a multiple regression of 
technique variables onto release speed for male javelin throwers. 
 
R2 = 0.527, F = 19.39, p < 0.001 
Technique Variable Mean (S.D.) 
Regression 
Coefficient 
t statistic  
(p-value) Tolerance 
Trunk Tilt REL (°) 33 (8) 0.075 3.32 (0.00) 0.945 
R. Shoulder Horizontal Adduction 
LFD (°) -18 (10) -0.079 -4.35 (0.00) 0.945 
R. = Right, LFD = at Left Foot Down, REL = at Release. 
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Table 4.9. Female Aerodynamic Distance Multiple Regression: results of a multiple 
regression of technique variables onto aerodynamic distance for female 
javelin throwers. 
 
R2 = 0.109, F = 4.55, p = 0.014 
Technique Variable Mean (S.D.) 
Regression 
Coefficient 
t statistic  
(p-value) Tolerance 
Javelin Inclination Angle REL (°) 40 (5) -0.284 -2.17 (0.04) 0.984 
R. Elbow Angle RFD (°) 24 (12) -0.108 -2.08 (0.05) 0.984 
R. = Right, RFD = at Right Foot Down, REL = at Release. 
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Table 4.10. Male Aerodynamic Distance Multiple Regression: Results of a multiple 
regression of technique variables onto aerodynamic distance for male 
javelin throwers. 
 
R2 = 0.358, F = 7.12, p < 0.001 
Technique Variable Mean (S.D.) 
Regression 
Coefficient 
t statistic  
(p-value) Tolerance 
Loss in COM Speed Single Support 
(m/s) 
-0.9 
(0.3) 6.47 3.06 (0.01) 0.844 
Hip-Shoulder Separation RFD (°) 46 (13) 0.13 2.34 (0.03) 0.879 
R. Knee Angle LFD (°) 141    (5) 0.54 3.85 (0.00) 0.946 
R. = Right, RFD = at Right Foot Down, LFD = at Left Foot Down. 
Note: Possible multi-colinearity was observed between loss in COM speed in single support 
and hip-shoulder separation at right foot down. These two variables do not significantly 
correlate (r = -0.331, p = 0.056). 
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Table 4.11. Longitudinal Subjects' Descriptive Statistics: throwing demographics for 
subjects with at least ten trials available for analysis. 
 
Subject Years Active Number of Trials 
Official Distance 
Means (S.D.) (m) 
Official Distance 
Ranges (m) 
F1 2008-2010 13 51.70 (2.7) 47.64 – 55.53 
F2 2008-2010 15 58.79 (4.3) 52.02 – 66.67 
F3 2007-2010 19 53.57 (3.3) 48.51 – 59.31 
M1 2008 13 71.92 (2.6) 68.18 – 76.06 
M2 2007-2010 12 75.67 (2.8) 72.09 – 82.06 
M3 2007-2010 11 75.34 (2.6) 71.19 – 79.86 
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Table 4.12. Subject F1 Performance Correlations: means (standard deviations) and 
correlation coefficients (p-values) for technique variables and their 
bivariate correlation with measures of performance for F1. 
 
Technique Variable Mean (S.D.) 
Official 
Distance 
Release 
Speed 
Aerodynamic 
Distance 
Official Distance (m) 51.7 (2.7)  
-0.340 
(0.256) 
0.788  
(0.001) 
Release Speed (m/s) 23.3 -0.340  -0.695 (0.6) (0.256)  (0.008) 
Aerodynamic Distance (m) 2.5 0.788 -0.695  (3.8) (0.001) (0.008)  
COM Speed RFD (m/s) 5.7 -0.440 0.508 -0.608 (0.2) (0.132) (0.076) (0.027) 
COM Speed LFD (m/s) 4.7 -0.544 0.757 -0.646 (0.3) (0.054) (0.003) (0.017) 
Javelin Inclination Angle REL (°) 39 0.383 -0.628 0.451 (3) (0.196) (0.021) (0.122) 
Javelin Direction Angle LFD (°) -17 0.657 -0.473 0.800 (3) (0.015) (0.103) (0.001) 
Javelin Direction Angle REL (°) -12 0.629 -0.516 0.790 (3) (0.021) (0.071) (0.001) 
Trunk Tilt LFD (°) -9 0.138 0.588 0.031 (4) (0.652) (0.034) (0.920) 
Hip-Shoulder Separation REL (°) 7 0.758 -0.085 0.488 (12) (0.003) (0.783) (0.090) 
L. Hip Flexion REL (°) 103 0.491 -0.155 0.588 (5) (0.088) (0.614) (0.035) 
L. Knee Angle REL (°) 155 0.758 -0.179 0.673 (17) (0.003) (0.560) (0.012) 
L. Leg Angle RFD (°) 53 0.283 -0.600 0.275 (5) (0.348) (0.030) (0.362) 
L. Leg Angle REL (°) 58 -0.613 0.300 -0.551 (3) (0.026) (0.319) (0.051) 
R. Shoulder External Rotation LFD (°) 66 0.597 -0.170 0.376 (6) (0.031) (0.579) (0.205) 
R. Shoulder Horizontal Adduction REL (°) 2        (6) 
-0.630 
(0.021) 
0.210 
(0.490) 
-0.651 
(0.016) 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release. 
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Table 4.13. Subject F2 Performance Correlations: means (standard deviations) and 
correlation coefficients (p-values) for technique variables and their 
bivariate correlation with measures of performance for F2. 
 
Technique Variable Mean (S.D.) 
Official 
Distance 
Release 
Speed 
Aerodynamic 
Distance 
Official Distance (m) 58.8 (4.3)  
0.846 
(0.000) 
0.419  
(0.120) 
Release Speed (m/s) 24.5 0.846  0.012 (0.9) (0.000)  (0.966) 
Aerodynamic Distance (m) 3.7 0.419 0.012  (2.2) (0.120) (0.966)  
Lost Distance (m) 2.9 -0.716 -0.707 -0.037 (0.6) (0.003) (0.003) (0.897) 
Release Height (m) 1.9 0.723 0.788 0.136 (0.1) (0.002) (0.000) (0.630) 
Single Support Time (seconds) 0.225 -0.526 -0.682 0.034 (0.011) (0.054) (0.007) (0.908) 
Throwing Procedure Time (seconds) 0.353 -0.576 -0.529 -0.147 (0.017) (0.031) (0.052) (0.616) 
Stride Length (m) 1.9 -0.625 -0.665 -0.118 (0.1) (0.017) (0.009) (0.688) 
Stride Height (m) 0.2 -0.555 -0.416 -0.223 (0.0) (0.039) (0.139) (0.443) 
Javelin Inclination Angle RFD (°) 29 -0.669 -0.697 -0.139 (3) (0.009) (0.006) (0.635) 
Javelin Inclination Angle LFD (°) 38 -0.470 -0.663 -0.021 (5) (0.077) (0.007) (0.942) 
Javelin Inclination Angle REL (°) 44 -0.503 -0.659 -0.166 (4) (0.056) (0.007) (0.554) 
Javelin Direction Angle REL (°) -18 0.415 0.596 -0.181 (5) (0.124) (0.019) (0.519) 
Hip-Shoulder Separation LFD  (°) 22 -0.259 -0.060 -0.598 (8) (0.352) (0.833) (0.018) 
L. Hip Flexion REL (°) 87 0.623 0.592 0.011 (5) (0.013) (0.020) (0.969) 
L. Leg Angle LFD (°) 44 0.623 0.565 0.327 (3) (0.013) (0.028) (0.234) 
L. Leg Angle REL (°) 60 0.635 0.696 0.092 (4) (0.011) (0.004) (0.746) 
R. Shoulder External Rotation LFD (°) 62 -0.442 -0.563 0.172 (7) (0.099) (0.029) (0.541) 
R. Shoulder Adduction RFD (°) -1 -0.731 -0.619 -0.281 (4) (0.002) (0.014) (0.309) 
R. Shoulder Horizontal Adduction RFD (°) 12 0.380 0.046 0.710 
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(5) (0.163) (0.871) (0.003) 
R. Shoulder Horizontal Adduction REL (°) -1 0.553 0.546 0.091 (5) (0.033) (0.035) (0.746) 
R. Elbow Angle RFD (°) 20      (4) 
-0.576 
(0.025) 
-0.492 
(0.063) 
-0.169 
(0.547) 
R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left Foot Down, REL = at 
Release. 
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Table 4.14. Subject F3 Performance Correlations: means (standard deviations) and 
correlation coefficients (p-values) for technique variables and their 
bivariate correlation with measures of performance for F3. 
 
Technique Variable Mean (S.D.) 
Official 
Distance 
Release 
Speed 
Aerodynamic 
Distance 
Official Distance (m) 53.6 (3.3)  
0.632 
(0.004) 
-0.163 
(0.504) 
Release Speed (m/s) 23.2 0.632  -0.813 (1.1) (0.004)  (0.000) 
Aerodynamic Distance (m) 2.8 -0.163 -0.813  (3.6) (0.504) (0.000)  
Double Support Time (seconds) 0.122 -0.541 -0.651 0.348 (0.009) (0.017) (0.003) (0.144) 
Throwing Procedure Time (seconds) 0.338 -0.474 -0.346 0.053 (0.011) (0.041) (0.147) (0.830) 
Relative Single Support Time (%) 64 0.487 0.566 -0.352 (0) (0.035) (0.012) (0.139) 
Relative Double Support Time (%) 36 -0.487 -0.566 0.352 (0) (0.035) (0.012) (0.139) 
Stride Length (m) 1.6 0.597 0.765 -0.509 (0.1) (0.007) (0.000) (0.026) 
Stride Width (m) 0.1 -0.692 -0.575 0.257 (0.1) (0.001) (0.010) (0.287) 
Stride Height (m) 0.2 0.653 0.443 -0.322 (0.0) (0.002) (0.057) (0.178) 
COM Speed RFD (m/s) 5.7 0.589 0.685 -0.485 (0.3) (0.008) (0.001) (0.035) 
COM Speed LFD (m/s) 5.0 0.741 0.536 -0.198 (0.3) (0.000) (0.018) (0.416) 
COM Speed REL (m/s) 3.0 0.259 0.623 -0.505 (0.4) (0.284) (0.004) (0.028) 
Javelin Inclination Angle RFD (°) 38 0.510 0.650 -0.395 (4) (0.026) (0.003) (0.094) 
Javelin Inclination Angle REL (°) 44 0.061 0.285 -0.575 (2) (0.804) (0.238) (0.010) 
Javelin Direction Angle RFD (°) -17 -0.418 -0.734 0.682 (5) (0.075) (0.000) (0.001) 
Trunk Tilt RFD (°) -3 0.586 0.419 -0.178 (7) (0.008) (0.074) (0.467) 
R. Hip Flexion RFD (°) 146 -0.635 -0.471 0.255 (9) (0.003) (0.042) (0.292) 
R. Hip Flexion REL (°) 153 -0.588 -0.176 -0.261 (6) (0.008) (0.472) (0.281) 
L. Hip Flexion REL (°) 112 0.148 0.451 -0.511 
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(5) (0.546) (0.053) (0.025) 
R. Knee Angle LFD (°) 140 0.470 0.533 -0.267 (6) (0.042) (0.019) (0.269) 
R. Knee Angle REL (°) 116 -0.491 -0.157 -0.064 (7) (0.033) (0.521) (0.794) 
L. Knee Angle RFD (°) 152 0.632 0.485 -0.262 (7) (0.004) (0.035) (0.279) 
L. Knee Angle REL (°) 142 0.464 0.217 0.007 (7) (0.045) (0.373) (0.978) 
R. Shoulder External Rotation LFD (°) 60 0.567 0.469 -0.170 (8) (0.011) (0.043) (0.486) 
R. Shoulder Horizontal Adduction LFD (°) -15 -0.556 -0.300 0.076 (8) (0.013) (0.212) (0.756) 
R. Shoulder Horizontal Adduction REL (°) 2 0.732 0.666 -0.287 (7) (0.000) (0.002) (0.233) 
R. Elbow Angle LFD (°) 66 0.267 0.655 -0.540 (5) (0.269) (0.002) (0.017) 
R. Elbow Angle REL (°) 31    (10) 
-0.467 
(0.044) 
-0.438 
(0.061) 
0.276  
(0.253) 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release.  
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Table 4.15. Subject M1 Performance Correlations: means (standard deviations) and 
correlation coefficients (p-values) for technique variables and their 
bivariate correlation with measures of performance for M1. 
 
 Technique Variable Mean (S.D.) 
Official 
Distance 
Release 
Speed 
Aerodynamic 
Distance 
Official Distance (m) 71.9 (2.6)  
0.818 
(0.001) 
-0.161 
(0.599) 
Release Speed (m/s) 27.3 0.818  -0.510 (0.9) (0.001)  (0.075) 
Aerodynamic Distance (m) 4.5 -0.161 -0.510  (2.4) (0.599) (0.075)  
Release Height (m) 1.9 0.672 0.488 -0.099 (0.1) (0.012) (0.091) (0.748) 
COM Speed REL (m/s) 3.3 -0.642 -0.467 0.133 (0.1) (0.018) (0.107) (0.665) 
Loss in COM Speed Double Support (m/s) -1.8 -0.570 -0.181 -0.269 (0.2) (0.042) (0.555) (0.375) 
Javelin Inclination Angle RFD (°) 27 -0.183 -0.255 0.615 (9) (0.550) (0.400) (0.025) 
Javelin Direction Angle LFD (°) -16 -0.587 -0.519 0.027 (2) (0.035) (0.069) (0.931) 
Trunk Tilt REL (°) 30 0.762 0.689 -0.139 (5) (0.002) (0.009) (0.651) 
R. Knee Angle LFD (°) 134 0.486 0.641 -0.491 (4) (0.092) (0.018) (0.088) 
R. Knee Angle REL (°) 129 0.608 0.470 -0.080 (8) (0.027) (0.105) (0.794) 
L. Knee Angle REL (°) 155 0.695 0.683 0.011 (14) (0.008) (0.010) (0.970) 
R. Shoulder External Rotation REL (°) 30 -0.707 -0.637 0.388 (20) (0.007) (0.019) (0.191) 
R. Shoulder Horizontal Adduction LFD (°) -9 -0.556 -0.287 -0.245 (4) (0.048) (0.341) (0.420) 
R. Elbow Angle REL (°) 29      (9) 
-0.573 
(0.041) 
-0.453 
(0.120) 
0.280  
(0.354) 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release.  
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Table 4.16. Subject M2 Performance Correlations: means (standard deviations) and 
correlation coefficients (p-values) for technique variables and their 
bivariate correlation with measures of performance for M2. 
 
Technique Variable Mean (S.D.) 
Official 
Distance 
Release 
Speed 
Aerodynamic 
Distance 
Official Distance (m) 75.7 (2.8)  
0.656 
(0.020) 
-0.358 
(0.254) 
Release Speed (m/s) 27.6 0.656  -0.785 (0.9) (0.020)  (0.002) 
Aerodynamic Distance (m) 3.3 -0.358 -0.785  (3.1) (0.254) (0.002)  
Single Support Time (seconds) 0.172 -0.298 -0.486 0.598 (0.013) (0.347) (0.109) (0.040) 
Double Support Time (seconds) 0.102 0.094 0.244 -0.697 (0.016) (0.772) (0.445) (0.012) 
Relative Single Support Time (%) 63 -0.197 -0.393 0.757 (0) (0.539) (0.207) (0.004) 
Relative Double Support Time (%) 37 0.255 0.449 -0.784 (0) (0.423) (0.143) (0.003) 
Stride Height (m) 0.2 -0.183 -0.646 0.429 (0.0) (0.569) (0.023) (0.164) 
Loss in COM Speed Double Support (m/s) -2.2 -0.550 -0.518 0.579 (0.3) (0.064) (0.085) (0.048) 
Javelin Inclination Angle REL (°) 32 -0.101 0.035 -0.578 (2) (0.755) (0.915) (0.049) 
Javelin Direction Angle RFD (°) -34 -0.002 -0.565 0.675 (7) (0.994) (0.055) (0.016) 
Javelin Direction Angle LFD (°) -28 -0.280 -0.632 0.641 (5) (0.377) (0.027) (0.025) 
Trunk Tilt REL (°) 33 0.286 0.602 -0.766 (4) (0.367) (0.038) (0.004) 
R. Hip Flexion LFD (°) 132 -0.039 -0.436 0.594 (5) (0.903) (0.156) (0.042) 
R. Hip Flexion REL (°) 168 -0.494 -0.712 0.278 (5) (0.102) (0.009) (0.382) 
L. Knee Angle LFD (°) 173 0.620 0.463 -0.349 (4) (0.031) (0.130) (0.266) 
R. Shoulder External Rotation REL (°) 60 -0.343 -0.579 0.519 (11) (0.276) (0.049) (0.084) 
R. Shoulder Adduction LFD (°) 9        (3) 
-0.461 
(0.131) 
-0.804 
(0.002) 
0.449  
(0.143) 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release.  
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Table 4.17. Subject M3 Performance Correlations: means (standard deviations) and 
correlation coefficients (p-values) for technique variables and their 
bivariate correlation with measures of performance for M3. 
 
Technique Variable Mean (S.D.) 
Official 
Distance 
Release 
Speed 
Aerodynamic 
Distance 
Official Distance (m) 75.3 (2.6)  
0.407 
(0.214) 
0.148  
(0.663) 
Release Speed (m/s) 27.9 0.407  -0.730 (0.7) (0.214)  (0.011) 
Aerodynamic Distance (m) -0.1 0.148 -0.730  (3.2) (0.663) (0.011)  
Javelin Direction Angle RFD (°) -35 -0.866 -0.420 -0.033 (6) (0.001) (0.198) (0.923) 
Javelin Direction Angle LFD (°) -21 -0.676 -0.417 0.064 (3) (0.022) (0.201) (0.851) 
Trunk Tilt LFD (°) -11 -0.662 -0.589 0.292 (7) (0.026) (0.056) (0.384) 
Hip-Shoulder Separation REL (°) 25 -0.342 -0.632 0.385 (15) (0.303) (0.037) (0.242) 
R. Hip Flexion REL (°) 151 0.668 0.424 -0.185 (6) (0.025) (0.193) (0.587) 
L. Hip Flexion RFD (°) 143 0.736 0.533 -0.174 (10) (0.010) (0.091) (0.609) 
L. Hip Flexion LFD (°) 123 0.725 0.704 -0.437 (9) (0.012) (0.016) (0.179) 
L. Hip Flexion REL (°) 88 0.483 0.676 -0.485 (11) (0.132) (0.022) (0.131) 
R. Knee Angle RFD (°) 140 0.724 0.279 -0.109 (7) (0.012) (0.406) (0.750) 
L. Knee Angle LFD (°) 165 0.673 0.683 -0.492 (5) (0.023) (0.021) (0.124) 
R. Shoulder Horizontal Adduction RFD (°) -15    (6) 
0.006 
(0.987) 
0.530 
(0.093) 
-0.628 
(0.039) 
R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left Foot Down, REL = at 
Release.  
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Table 4.18. Shoulder and Elbow Forces and Torques: average  maximum shoulder and 
elbow joint internal torques and forces (standard deviations) calculated 
from the kinetic analyses and compared with an injury threshold. 
 
Kinetic Variable 
Average 
Maximum Value 
(S.D.) 
Injury Threshold 
Value 
Elbow Joint Varus Torque (Nm) 88 (31) 40 
Elbow Joint Flexion Torque (Nm) 94 (22) 75 
Elbow Joint Resultant Force (N) 1220 (155) 1140 
Shoulder Joint External Rotation Torque (Nm) 79 (41) 75 
Shoulder Joint Horizontal Abduction Torque (Nm) 156 (32) 150 
Shoulder Joint Anterior Shear Force (N) 440 (62) 375 
Shoulder Joint Resultant Force (N) 1740 (163) 1710 
Note: Injury threshold values were taken from the current orthopaedic literature and from 
estimations based on the material properties of bone and tendon.  
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Table 4.19. Shoulder and Elbow Force and Torque Correlations: correlation 
coefficients (p-values) for technique variables and their bivariate 
correlation with resultant shoulder and elbow internal joint forces and 
torques. 
 
Technique Variable Shoulder Torque 
Shoulder 
Force 
Elbow 
Torque 
Elbow 
Force 
Single Support Time (seconds) 0.474 (0.010) 
0.447 
(0.012) 
0.150 
(0.667) 
0.173 
(0.516) 
COM Speed LFD (m/s) 0.520 0.546 0.163 0.282 (0.002) (0.002) (0.659) (0.076) 
Javelin Inclination Angle RFD (°) 0.499 0.449 0.525 0.664 (0.007) (0.012) (0.002) (0.000) 
Javelin Direction Angle LFD (°) 0.531 0.690 0.616 0.438 (0.002) (0.000) (0.001) (0.012) 
Javelin Direction Angle REL (°) 0.461 0.606 0.514 0.563 (0.012) (0.001) (0.003) (0.002) 
Trunk Tilt LFD (°) 0.118 0.368 0.192 0.286 (0.711) (0.050) (0.524) (0.091) 
Hip-Shoulder Separation REL (°) 0.256 0.586 0.186 0.137 (0.104) (0.001) (0.588) (0.720) 
R. Shoulder Horizontal Adduction RFD (°) 0.296 0.146 0.315 0.244 (0.089) (0.680) (0.050) (0.124) 
R. Shoulder Horizontal Adduction LFD (°) 0.711 0.395 0.511 0.372 (0.000) (0.045) (0.008) (0.048) 
R. Shoulder Horizontal Adduction REL (°) 0.617 0.700 0.523 0.448 (0.000) (0.000) (0.002) (0.012) 
R. Shoulder External Rotation LFD (°) 0.739 0.640 0.702 0.468 (0.012) (0.000) (0.000) (0.000) 
R. Elbow Flexion LFD (°) 0.445 (0.012) 
0.606 
(0.001) 
0.714 
(0.000) 
0.388 
(0.042) 
R. Elbow Flexion REL (°) 0.225 (0.148) 
0.233 
(0.121) 
0.410 
(0.025) 
0.698 
(0.000) 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release. 
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Table 4.20. Injured Females Technique Differences: differences in technique variables 
between female javelin throwers who have suffered an injury to a specific 
body area compared with female javelin throwers who have not suffered an 
injury to that body area. 
 
Technique Variable Injury Site 
Uninjured 
Mean (S.D.) 
Injured 
Mean (S.D.) F p 
Official Distance (m) Shoulder 48.8       (5.2) 
57.6       
(1.9) 8.07 0.008 
Official Distance (m) Trunk 48.3 (4) 
58.8 
(6) 19.92 0.000 
Single Support Time (seconds) Knee 0.227 (0.028) 
0.267 
(0.015) 5.81 0.023 
Double Support Time (seconds) Shoulder 0.140 (0.016) 
0.117 
(0.035) 4.46 0.044 
Relative Single Support Time (%) Elbow 62 (0) 
67 
(0) 5.78 0.023 
Relative Double Support Time (%) Elbow 38 (0) 
33 
(0) 5.90 0.022 
Stride Length (m) Trunk 1.4 (0.1) 
1.7 
(0.1) 15.85 0.000 
Javelin Inclination Angle RFD (°) Trunk 34 (6) 
27 
(4) 4.67 0.040 
Javelin Direction Angle RFD (°) Trunk -17 (9) 
-32 
(12) 8.23 0.008 
Trunk Tilt LFD (°) Knee -9 (4) 
-14 
(4) 5.13 0.032 
L. Hip Flexion LFD (°) Knee 131 (8) 
143 
(1) 5.75 0.024 
L. Leg Angle LFD (°) Knee 48 (4) 
55 
(6) 5.64 0.025 
R. Shoulder Horizontal Abduction 
LFD (°) Trunk 
-12 
(11) 
-24 
(5) 4.40 0.046 
R. Elbow Angle REL (°) Elbow 25             (8) 
37           
(11) 7.69 0.010 
R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left Foot Down, REL = at 
Release. 
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Table 4.21. Injured Males Technique Differences: differences in technique variables 
between male javelin throwers who have suffered an injury to a specific 
body area and male javelin throwers who have not suffered an injury to 
that body area. 
 
Technique Variable Injury Site 
Uninjured 
Mean (S.D.) 
Injured 
Mean (S.D.) F p 
Official Distance (m) Shoulder 69.9       (5.6) 
77.0       
(7.4) 8.61 0.006 
Official Distance (m) Knee 70.0 (5.5) 
80.6 
(6.5) 15.38 0.000 
Throwing Procedure Time 
(seconds) Knee 
0.351 
(0.036) 
0.310 
(0.034) 5.65 0.024 
COM Speed RFD (m/s) Ankle 6.2 (0.3) 
5.5 
(0.9) 8.72 0.006 
COM Speed LFD (m/s) Ankle 5.4 (0.5) 
4.7 
(1.0) 4.38 0.044 
Javelin Direction Angle RFD (°) Shoulder -17 (8) 
-29 
(18) 6.00 0.020 
Javelin Direction Angle LFD (°) Shoulder -15 (6) 
-21 
(7) 5.16 0.030 
Hip-Shoulder Separation RFD (°) Shoulder 43 (11) 
55 
(15) 6.26 0.018 
R. Knee Angle LFD (°) Trunk 139 (5) 
143 
(4) 4.31 0.046 
R Knee Angle REL  (°) Groin 116 (20) 
146 
(13) 6.54 0.016 
L. Knee Angle REL (°) Trunk 148 (18) 
161 
(9) 4.65 0.039 
R. Shoulder Horizontal Adduction 
LFD (°) Shoulder 
-16 
(10) 
-26 
(6) 7.15 0.012 
R. Shoulder Horizontal Adduction 
REL (°) Shoulder 
4               
(9) 
-3             
(6) 4.62 0.039 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release.  
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Table 4.22. Female Technique Groupings for Performance or Injury: technique 
variables and their associations with only performance, either cross-
sectionally or at an individual level; only injury risk; or both injury risk 
and performance for female javelin throwers. 
 
Technique Variable Cross sectional Performance 
Individual 
Performance 
Injury 
Risk 
Official Distance F F F 
Aerodynamic Distance  F  
Release Speed F F  
Release Height  F  
Single Support Time  F F 
Double Support Time  F F 
Throwing Procedure Time  F  
Relative Single Support Time  F F 
Relative Double Support Time  F F 
Stride Length F F F 
Stride Width  F  
Stride Height  F  
COM Speed RFD F F  
COM Speed LFD F F F 
COM Speed REL  F  
Loss in COM Speed Single Support    
Loss in COM Speed Double Support F   
Javelin Inclination Angle RFD  F F 
Javelin Inclination Angle LFD  F  
Javelin Inclination Angle REL F F  
Javelin Direction Angle RFD  F F 
Javelin Direction Angle LFD  F F 
Javelin Direction Angle REL  F F 
Trunk Tilt RFD  F  
Trunk Tilt LFD  F F 
Trunk Tilt REL    
Hip-Shoulder Separation RFD    
Hip-Shoulder Separation LFD F F  
Hip-Shoulder Separation REL  F F 
R. Hip Flexion RFD  F  
R. Hip Flexion LFD    
R. Hip Flexion REL  F  
L. Hip Flexion RFD    
L. Hip Flexion LFD   F 
L. Hip Flexion REL  F  
R. Knee Angle RFD F   
R. Knee Angle LFD  F  
R. Knee Angle REL  F  
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L. Knee Angle RFD  F  
L. Knee Angle LFD    
L. Knee Angle REL  F  
L. Leg Angle LFD  F F 
L. Leg Angle REL  F  
R. Shoulder External Rotation RFD    
R. Shoulder External Rotation LFD  F F 
R. Shoulder External Rotation REL  F  
R. Shoulder Adduction RFD    
R. Shoulder Adduction LFD    
R. Shoulder Adduction REL    
R. Shoulder Horizontal Adduction RFD  F F 
R. Shoulder Horizontal Adduction LFD  F F 
R. Shoulder Horizontal Adduction REL  F F 
R. Elbow Angle RFD F F  
R. Elbow Angle LFD  F F 
R. Elbow Angle REL  F F 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release.  
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Table 4.23. Male Technique Groupings for Performance or Injury: technique variables 
and their associations with only performance, either cross-sectionally or at 
an individual level; only injury risk; or both injury risk and performance 
for male javelin throwers. 
 
Technique Variable Cross sectional Performance 
Individual 
Performance 
Injury 
Risk 
Official Distance M M M 
Aerodynamic Distance    
Release Speed M M  
Release Height  M  
Single Support Time M M M 
Double Support Time  M  
Throwing Procedure Time M  M 
Relative Single Support Time  M  
Relative Double Support Time  M  
Stride Length    
Stride Width    
Stride Height  M  
COM Speed RFD   M 
COM Speed LFD   M 
COM Speed REL  M  
Loss in COM Speed Single Support M   
Loss in COM Speed Double Support M M  
Javelin Inclination Angle RFD  M M 
Javelin Inclination Angle LFD M   
Javelin Inclination Angle REL M M  
Javelin Direction Angle RFD  M M 
Javelin Direction Angle LFD  M M 
Javelin Direction Angle REL   M 
Trunk Tilt RFD    
Trunk Tilt LFD M M M 
Trunk Tilt REL M M  
Hip-Shoulder Separation RFD M  M 
Hip-Shoulder Separation LFD    
Hip-Shoulder Separation REL M M M 
R. Hip Flexion RFD  M  
R. Hip Flexion LFD M   
R. Hip Flexion REL  M  
L. Hip Flexion RFD  M  
L. Hip Flexion LFD  M  
L. Hip Flexion REL  M  
R. Knee Angle RFD  M  
R. Knee Angle LFD M M M 
R. Knee Angle REL  M M 
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L. Knee Angle RFD    
L. Knee Angle LFD  M  
L. Knee Angle REL  M M 
L. Leg Angle LFD    
L. Leg Angle REL    
R. Shoulder External Rotation RFD M   
R. Shoulder External Rotation LFD   M 
R. Shoulder External Rotation REL  M  
R. Shoulder Adduction RFD    
R. Shoulder Adduction LFD  M  
R. Shoulder Adduction REL    
R. Shoulder Horizontal Adduction RFD  M M 
R. Shoulder Horizontal Adduction LFD M M M 
R. Shoulder Horizontal Adduction REL M  M 
R. Elbow Angle RFD    
R. Elbow Angle LFD   M 
R. Elbow Angle REL  M M 
COM = Center of Mass, R. = Right, L. = Left, RFD = at Right Foot Down, LFD = at Left 
Foot Down, REL = at Release.  
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Figure 1.1. Javelin Throwing Technique, Side View 
 This figure displays a side view of a right handed javelin throwing technique. 
Frame 1 shows the carry position. Frames 1-7 show the forwards run-up 
motion. Frames 6-13 show the withdrawal of the javelin. Frames 8-20 show 
the angled crossover steps. Frames 15-20 show the impulse stride. Frame 20 
shows the instant of right foot down. Frames 20-22 show the single support 
phase. Frame 22 shows the instant of left foot down. Frames 22-25 show the 
delivery phase. Frame 25 shows the instant of release. Frames 20-25 show the 
throwing procedure. Frames 26-31 show the recovery. 
 
 
This image is © Pocket Videos, LLC and is used with permission under fair use guidelines.  
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Figure 1.2. Javelin Throwing Technique, Rear View 
 This figure displays a rear view of a right handed javelin throwing technique. 
Frame 1 shows the carry position. Frames 1-5 show the forwards run-up 
motion. Frames 2-10 show the withdrawal of the javelin. Frames 6-26 show 
the angled crossover steps. Frames 19-25 show the impulse stride. Frame 26 
shows the instant of right foot down. Frames 26-29 show the single support 
phase. Frame 29 shows the instant of left foot down. Frames 29-32 show the 
delivery phase. Frame 32 shows the instant of release. Frames 26-32 show the 
throwing procedure. Frames 33-39 show the recovery. 
 
 
This image is © Pocket Videos, LLC and is used with permission under fair use guidelines.  
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Figure 1.3. Javelin Measured Distances 
 In this figure the line of measurement for the official distance is shown. One 
may see the relationship between the official distance and the lost distance, as 
the difference between the actual distance and the official distance. 
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Figure 1.4. Official and Partial Distances 
 In this figure the partial distances of vacuum flight distance and aerodynamic 
distance and their relationship with the official distance are shown. 
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Figure 1.5. Release Variables, Side View 
 In this figure, the profile of the javelin is shown from a side view. The release 
variables of release height, release speed, release angle, javelin inclination 
angle, and angle of attack are shown, where zrel is the release height, Vrel is 
the release speed, θ is the release angle, ψ is the javelin inclination angle, and 
α is the angle of attack. 
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Figure 1.6. Release Variables, Top View 
 In this figure, the profile of the javelin is shown from a top view. The release 
variables of horizontal release velocity, yaw angle, javelin direction angle, and 
angle of sideslip are shown, where Vh is the horizontal release velocity, φ is 
the yaw angle, χ is the javelin direction angle, and β is the angle of sideslip. 
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Figure 2.1. The Javelin 
 This figure shows the features of an official javelin, which is made up of a 
sharp, pointed metal head, a shaft made of lightweight metal or carbon fiber, a 
tapered tail, and a cord grip wound around the center of mass. 
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Figure 2.2. Javelin Arena 
 The javelin arena consists of a runway and a throwing sector. Following a run-
up, the javelin must be thrown from behind the foul line into the sector. The 
runway must be at least 30 meters in length, and is 4 meters wide. The foul 
line is a curved arch with a radius of 8 meters. The landing sector is marked 
by two sector lines that are 100 meters long from the foul line and separated 
by an angle of 29 degrees. The sector lines extend outward from the center of 
circle that defines the foul line arch. The lines marking the javelin arena are 
white and 5 centimeters wide. 
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Figure 2.3. Javelin and Baseball, Single Support 
 This figure displays a side view of a right handed javelin thrower midway 
through the single support phase on the left, and a right handed baseball 
pitcher midway through the single support phase on the right. Notice the 
similarity in body positions: The left shoulder is higher than the right shoulder 
for both throwers, the line of the hips is more to the left than the line of the 
shoulders (positive Hip-Shoulder Separation), the right arm is behind the 
thrower holding the object to be thrown, the right leg is supporting both 
throwers' weight, and the left leg is extended in front of both throwers. 
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Figure 2.4. Javelin and Baseball, Delivery 
 This figure displays a side view of a right handed javelin thrower in the 
delivery phase and just before the instant of release on the left, and a right 
handed baseball pitcher in the delivery phase and just before the instant of 
release on the right. Notice the similarity in body positions: For both throwers 
the right shoulder is higher than the left shoulder, the line of the shoulders and 
the line of the hips are parallel (no Hip-Shoulder Separation), the trunk is 
tilted anteriorally and to the left, the right elbow and wrist are above the right 
shoulder, the left leg is supporting the throwers' weight, and the right leg is 
flexed behind. 
 
  
188 
Figure 2.5. Javelin Aerodynamics 
 This figure demonstrates the lift and drag forces that act on a javelin during 
flight. The lift force (FL) acts upwards and counteracts the effects of gravity 
acting on the mass of the javelin (mg). The drag force (FD) acts opposite to 
the direction of motion as described by the velocity of the center of mass of 
the javelin (V). The magnitudes of the lift and drag forces are determined by 
the density of the air through which the javelin is flying, the square of the 
velocity of the center of mass of the javelin (V2), the projection area (A), 
which is the surface area of the javelin perpendicular to the direction of 
motion, and the coefficients of lift and drag. The projection area and the 
coefficients of lift and drag are related to the angle of attack (α). 
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Figure 2.6. Magnus Force 
 This figure demonstrates the magnus force that acts on a javelin during flight 
due to its spin and direction. A rotary force (FR) is imparted to the right side 
of the javelin at release by the javelin thrower pronating their arm during the 
delivery. This force causes the javelin to spin in a clockwise when viewed 
from behind. Air moves across the surface of the javelin from left to right 
when the javelin is pointed to the right side of the sector. This clockwise spin 
of the javelin combined with the left to right air flow causes a gain in air speed 
as the top of the javelin and a loss in air speed at the bottom of the javelin. 
Bernouilli's principle shows that the fast moving air has a lower pressure than 
the slow moving air. This pressure difference results in a Magnus force (FM) 
pointing in the direction of the low pressure. In this case the Magnus force 
would be directed upwards. 
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Figure 3.1. Camera Location 
 In this figure, the location and orientation of the camcorders and their optical 
axes relative to the javelin runway are shown. 
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Figure 3.2. Calibration Frame 
 In this figure the calibration frame used to calibrate the positions and 
orientations of the camcorders in the DLT procedure is shown. There are eight 
rods radiating out from a central core, one from each corner of the central 
cube. Each of the eight rods has three white spherical markers along its length 
for a total of twenty four calibration points. The markers make up three 
volume shells, an inner shell, a middle shell, and an outer shell. The distances 
of each marker from each other have been precisely measured in three 
dimensions. 
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Figure 3.3. Calibration Volume 
 In this figure the placement of the global reference markers is shown. Their 
exact distance from the foul line was measured, and they were used to set a 
principal axis pointing directly towards the left side of the runway. This was 
the global Y axis. A crossed axis pointed forwards, and was used to describe 
the horizontal plane that was parallel to the surface of the runway. The true 
vertical axis was found as the axis perpendicular to the horizontal plane and 
was the global Z axis. The vector cross product of the global Y and global Z 
axes determined the global X axis, which pointed in the throwing direction 
down the middle of the javelin throwing sector. The origin of the global 
reference frame was translated to the center of the foul line arc using the 
measured distances of the global reference markers. The 2 meter x 2 meter x 
2.5 meter calibration volume was placed at three overlapping volumes, as 
shown, to produce a calibrated volume of 2 meters x 2 meters x 5 meters. 
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Figure 3.4. Body Landmarks 
 In this figure the body and javelin landmarks that were digitized for each trial 
in this dissertation are shown as well as their location on an athlete from one 
camera view using the Motus videographic data acquisition system (Peak 
Performance Technology, Inc., Englewood, CO). The body landmarks that 
were digitized are: 1) the vertex of the head, 2) the midpoint of the chin-neck 
axis, 3) the suprasternal notch, 4) the right shoulder joint center, 5) the right 
elbow joint center, 6) the right wrist joint center, 7) the head of the 3rd right 
metacarpal 8) the left shoulder joint center, 9) the left elbow joint center, 10) 
the left wrist joint center, 11) the head of the 3rd left metacarpal, 12) the right 
hip joint center, 13) the right knee joint center, 14) the right ankle joint center, 
15) the right calcaneus, 16) the head of the 3rd right metatarsal, 17) the left hip 
joint center, 18) the left knee joint center, 19) the left ankle joint center, 20) 
the left calcaneus, and 21) the head of the 3rd left metatarsal. 
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Figure 3.5. Javelin Reference Frame 
 In this figure the reference frame of the javelin, and its relationship to the 
global reference frame is displayed. The javelin x-axis was the longitudinal 
axis of the javelin. The javelin y-axis was calculated in each frame due to the 
rotation of the javelin about its longitudinal axis. The javelin y-axis was 
defined as perpendicular to the javelin's x-axis, parallel to the global XY 
plane, and passing through the javelin's COM (top). The javelin z-axis was 
calculated as the vector cross product of the javelin x-axis and the javelin y-
axis (bottom). 
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Figure 3.6. Angle of Attack 
 In this figure, the profile of the javelin is shown from a side view. The angle 
of attack (α) was calculated as the angle between the javelin's x-axis and the 
projection of the velocity vector (V) projected onto the xz plane of the 
javelin's axis system. 
 
  
Javelin 
x-axis
Vα
Velocity (V) of the 
javelin projected onto 
javelin’s xz plane
196 
Figure 3.7. Angle of Sideslip 
 In this figure, the profile of the javelin is shown from a top view. The angle of 
sideslip (β) was calculated as the angle between the javelin's xz plane and the 
horizontal velocity (Vh) of the javelin. The global XY plane and the javelin's 
xy plane are parallel. 
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Figure 3.8. Temporal Variables 
 This figure displays a side view of the three critical instants used to calculate 
the temporal variables of javelin throwing technique. Frame A shows the 
instant of right foot down, frame B shows the instant of left foot down, and 
frame C shows the instant of release. The single support phase was calculated 
from the number of frames between A and B. The delivery phase was 
calculated from the number of frames between B and C. Time in seconds was 
calculated from the sampling frequency of 59.94 frames per second. 
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Figure 3.9. Shoulder Joint Angles and Torques 
 The shoulder joint angles were calculated as Euler angles of the upper arm 
reference frame described in Figure 3.10 relative to the upper trunk reference 
frame described in Figure 3.14 in an order of rotation of horizontal adduction-
abduction (θHA), adduction-abduction (θABD), and internal-external rotation 
(θIE). The shoulder internal-external rotation torque was calculated as the 
component of the net shoulder joint torque acting about the upper trunk x-
axis. The shoulder abduction-adduction torque was calculated as the 
component of the net shoulder joint torque acting about the upper trunk y-
axis. The shoulder horizontal abduction-adduction torque was calculated as 
the component of the net shoulder joint torque acting about the upper trunk z-
axis. 
 
This image is © Gary Mant and is used with permission under fair use guidelines.  
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Figure 3.10. Upper Arm Reference Frame 
 An upper arm reference frame was established so that the x-axis pointed from 
the right shoulder joint center (SR) to the right elbow joint center (ER) and 
was the internal-external rotation axis. The y-axis pointed towards the anterior 
direction which was perpendicular to the longitudinal axes of the upper arm 
(SR→ER) and the forearm (ER→WR) and was the adduction-abduction axis. 
The z-axis pointed towards the superior direction and was the horizontal 
adduction-abduction axis. 
 
 This image is © Gary Mant and is used with permission under fair use guidelines.  
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Figure 3.11. Hip Joint Angles 
 The hip joint angles were calculated as Euler angles of the thigh reference 
frame described in Figure 3.12 relative to the lower trunk reference frame 
described in Figure 3.14 in an order of rotation of flexion-extension (θFE), 
adduction-abduction (θABD), and internal-external rotation (θIE). 
 
This image is © Gary Mant and is used with permission under fair use guidelines.  
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Figure 3.12. Thigh Reference Frame 
 The right thigh reference frame was established so that the x-axis pointed 
from the right knee joint center (KR) to the right hip joint center (HR) and was 
the internal-external rotation axis. The y-axis pointed towards the anterior 
direction perpendicular from a plane formed by the right thigh and the lower 
trunk and was the adduction-abduction axis. The z-axis pointed from the right 
hip joint center (HR) to the left hip joint center (HL) and was the flexion-
extension axis. The left hip joint angles were defined in a similar way, 
however, the direction of the vectors defining the axes were defined so that a 
positive rotation would be interpreted the same for the left hip as for the right 
hip. 
 
This image is © Gary Mant and is used with permission under fair use guidelines.  
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Figure 3.13. Trunk Angles 
 The trunk angles were calculated as Euler angles of the lower trunk reference 
frame described in Figure 3.14 relative to the ground reference frame. 
Anterior-posterior flexion-extension was called Trunk Tilt (θtilt), left-right 
lateral flexion was called Trunk Lean (θlean), and left-right rotation was called 
Trunk Twist (θtwist). 
 
This image is © Gary Mant and is used with permission under fair use guidelines.  
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Figure 3.14. Trunk Reference Frames 
 An upper trunk reference frame was established so that the x-axis was 
pointing from the thrower's from their left shoulder joint centre (SL) to their 
right shoulder joint centre (SR),the y-axis was pointing toward their anterior 
direction relative to the line joining their shoulder joint centres(SL→SR), and 
the z-axis was pointing from their right hip joint centre (HR) to their right 
shoulder joint center (SR). A lower trunk reference frame was established so 
that the x-axis was pointing toward the thrower’s anterior direction relative to 
the line joining their hip joint centres(HR→HL), the y-axis was pointing from 
their right hip joint centre (HR) to their left hip joint centre (HL), and the z-
axis was pointing from their right hip joint centre (HR) to their right shoulder 
joint center (SR). 
 
 
This image is © Gary Mant and is used with permission under fair use guidelines.  
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Figure 3.15. Hip-Shoulder Separation 
 The hip-shoulder separation (θHSS) was calculated as the angle between the 
vector pointing from the right hip joint center (HR) to the left hip joint center 
(HL) and the vector pointing from the right shoulder joint center (SR) to the 
left shoulder joint center (SL) in the xy plane of the lower trunk reference 
frame described in Figure 3.14. The hip-shoulder separation was positive if 
the right hip was leading the right shoulder. 
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Figure 3.16. Right Upper Extremity Angles and Torques 
 This figure shows the right upper extremity angles. The right elbow angle 
(θre) was calculated as the dot product of the vector pointing from the right 
shoulder joint center (SR) to the right elbow joint center (ER) and the vector 
pointing from the right elbow joint center (ER) to the right wrist joint center 
(WR). The right wrist angle (θrw) was calculated as the dot product of the 
vector pointing from the right elbow joint center (ER) to the right wrist joint 
center (WR) and the vector pointing from the right wrist joint center (WR) to 
the right 3rd MCP (MCPR). The elbow valgus-varus torque (τVV) was 
calculated as the component of the net elbow joint torque acting about the 
elbow z-axis. The elbow flexion-extension torque (τFE) was calculated as the 
component of the net elbow joint torque acting about the y-axis. 
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Figure 3.17. Lower Extremity Angles 
 This figure shows the lower extremity angles. The right knee angle (θrk) was 
calculated as the dot product of the vector pointing from the right hip joint 
center (HR) to the right knee joint center (KR) and the vector pointing from 
the right knee joint center (KR) to the right ankle joint center (AR). The left 
knee angle (θlk) was calculated as the dot product of the vector pointing from 
the left hip joint center (HL) to the left knee joint center (KL) and the vector 
pointing from the left knee joint center (KL) to the left ankle joint center (AL). 
The left leg angle (θll) was calculated as the angle between the global X axis 
and a vector pointing from the left ankle joint center (AL) to the left hip joint 
center (HL). 
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Figure 4.1. Official Distance and Release Speed 
 In this figure are the release speeds and associated official distances for the 
trials of every female and male javelin thrower included in the kinematic 
analyses. Trials of female javelin throwers are indicated with circles. Trials of 
male javelin throwers are indicated with squares. The American record throws 
are highlighted with a filled circle and a filled square for the women's record 
throw and the men's record throw, respectively. There is a strong positive 
relationship between release speed and official distance, which is indicated by 
the trend lines. 
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Figure 4.2. Official and Aerodynamic Distance 
 In this figure are the aerodynamic distances and associated official distances 
for the trials of every female and male javelin thrower included in the 
kinematic analyses. Trials of female javelin throwers are indicated with 
circles. Trials of male javelin throwers are indicated with squares. The 
American record throws are highlighted with a filled circle and a filled square 
for the women's record throw and the men's record throw, respectively. There 
is a weak positive relationship between aerodynamic distance and official 
distance, which is indicated by the trend lines. The American record throws 
are outliers. 
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Figure 5.1. Release Angle and Speed for Subject F3 
 In this figure are the release angles and associated release speeds for all trials 
of Subject F3. There is a curvi-linear relationship between release angle and 
release speed. There is an optimum range of release angles for maximizing 
release speed of between 35 degrees and 38 degrees. 
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